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ABSTRACT 


These  studies  in  optics  relate  to  a  variety  of  inter¬ 
connected  problems  in  the  evaluation  and  controlled  improvement 
of  the  output  characteristics  of  lasers  and  the  design  of  laser 
systems.  Four  major  areas  of  endeavor  are  focussed  upon  in 
the  sections  of  this  report.  Section  II  is  a  study  of  techniques 
for  assessing  laser  beam  propagation  characteristics  for  both 
cw  and  pulsed  lasers  using  holography  in  conjunction  with  inter¬ 
ferometry.  Section  III  concerns  itself  with  some  design  problems 
of  efficient  solid  state  laser  systems  with  high  average  power 
and  low  beam  divergence  with  particular  reference  to  the  measure¬ 
ment  and  correction  of  optical  distortion  in  solid  laser  rods. 
Section  IV  has  as  its  objective  a  means  of  producing  high-speed 
continuously  scanning  laser  beams  by  use  of  intra-cavity  beam 
deflection.  The  final  portion  is  an  evaluation  of  the  techniques  of 
ac  interferometry. 
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SECTION  I 


REPORT  SUMMARY 

The  results  of  research  into  a  number  of  interrelated 
problems  in  laser  beam  generation,  evaluation,  control,  and 
propagation  are  the  subject  of  this  report.  Because  of  the 

V 

breadth  of  the  work  considered,  the  study  was  divided  into 
four  parts  that  are  clearly  related  but  require  different 
disciplines.  Each  of  these  four  areas  was  under  the  direction 
of  a  separate  principal  investigator  with  a  responsible  in¬ 
vestigator  coordinating  the  related  efforts. 

Section  II  is  a  study  of  techniques  for  assessing  laser 
beam  characteristics  of  both  cw  and  pulsed  lasers  using  holography 
in  conjunction  with  interferometry.  The  local  reference  beam 
holographic  methods  were  established  and  implemented  in  a  variety 
of  situations  including  cw  helium-neon  laser,  pulsed  ruby  laser, 
and  pulsed  Ndrglass  laser.  For  the  Ndiglass  lasers,  methods 
were  developed  for  doing  infra-red  holography  using  the  new 
experimental  4-Z  film. 

Methods  are  described  for  measuring  the  dymmic  optical 
distortion  in  a  laser  rod  (section  III)  and  for  manufacturing 
the  necessary  correction  plates  to  compensate  for  the  measured 
distortions .  The  scaled-up  correction  plates  are  made  with 
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ground  glass  and  then  appropriately  scaled  down  by  immersing 
the  plate  in  a  liquid  whose  index  nearly  matches  that  of  the 
correction  plate.  Scattering  losses  from  these  indexed-matched 
correction  plates  are  negligible. 

Scanning  laser  systems  have  an  important  role  to  play  in  a 
variety  of  applications.  Thus  one  portion  of  the  work  reported 
here  (section  IV)  is  concerned  with  a  means  of  producing  a 
high-speed  continuously  scanning  laser  beam  by  appropriate  use 
of  an  intra-cavity  beam  deflector  that  locks  a  set  of  transverse 
modes  of  the  laser.  Transverse  mode-locking  in  a  large-bore 
argon  ion  laser  was  satisfactorily  demonstrated .  This  mode¬ 
locking  leads  to  the  production  of  a  scanning  beam  from  the 
output  of  the  laser.  The  resolution  of  the  scanning  beam  is 
limited  by  the  optical  quality  of  the  infra* cavity  modulators. 

The  final  section  of  the  report  is  concerned  with  problems 
relating  to  the  peripheral  optical  elements  that  may  be  used 
for  the  propagation  of  laser  beams.  The  particular  problem 
attacked  is  that  of  the  use  of  ac  interferometry  for  optical 
testing.  A  theoretical  analysis  of  a  number  of  interferometers 
which  utilize  moving  fringe  patterns  has  been  carried  out  and 
preliminary  experimental  data  generated,  particularly  for 
heterodyne  interferometry  for  vibration  analysis  and  position 
sensing . 
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SECTION  II 


STUDY  OF  TECHNIQUES  FOR  ASSESSING  AND  IMPROVING 
USER  BEAM  PROPAGATION  CHARACTERISTICS 
Studying  Beam  Parameters  of  CW  and  Pulse  Lasers  Using 
Holography  in  Conjunction  with  Interferometry 

C.  Royhoudhuri  and  B.  J.  Thompson 
1 .  INTRODUCTION 

In  many  applications  of  laser  beam  technology 
including  coherent  optical  processing,  coherent  light 
ranging,  laser  beam  scanning,  etc.,  a  knowledge  of  the 
complex  amplitude  distribution  over  the  output  wavefront 
is  often  essential.  In  the  precision  shop  techniques 
of  micro  etching  and  welding,  or  in  initiating  controlled 
fusion  by  high  energy  laser  beams,  the  knowledge  of  the 
spot  size  and  the  energy  distribution  of  the  focused  laser 
beam  is  extremely  important.  These  parameters  can  be 
determined  very  easily  from  the  knowledge  of  the  near  field 
complex  amplitude  distribution  if  the  beam  is  fully 
coherent  or  in  general  by  knowledge  of  the  mutual  coherence 
function.  For  certain  optical  techniques  the  information 
about  the  far  field  distribution  may  be  the  more  relevant 
quantity;  this  can  also  be  determined  from  the  knowledge 
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i. 


of  the  near  field  distribution,  using  the  diffraction 
integral  if  the  beam  is  coherent  or  the  mutual  intensity 
propagation  integral  if  the  beam  is  partially  coherent. 

The  objective  of  this  study  is  to  develop  a  method  by 
which  the  complex  amplitude  distribution  and/or  the 
mutual  intensity  function  of  a  laser  beam  near  field  can 
be  determined. 

2.  POSSIBLE  METHODS 

In  principle  the  determination  of  the  intensity 
distribution  across  a  wavefront  is  straightforward 
since  an  optical  detector  responds  to  the  light  intensity. 

But  the  problem  of  recording  the  phase  distribution  of  an 
unknown  wavefront  is  of  fundamental  nature,  especially  if 
the  wavefront  is  not  a  very  simple  one. 

One  may  apply  the  Fourier  transform  technique: 
record  the  square  modulus  of  the  Fourier  transform  of  the 
unknown  wavefront  and  then  the  inverse  Fourier  transform 
may  be  used  to  find  out  a  partial  knowledge  (autocorrelation) 
of  the  original  wavefront.  The  problem  of  complete  phase 
retrieval ^  is  still  there  when  we  only  gather  a  know¬ 
ledge  of  the  modulus  of  the  Fourier  transform  instead  of 
the.  complex  Fourier  transform. 
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Interferometry  offers  a  hotter  method  of  recording 

the  complex  amplitude,  since  interference  gives  rise  to 

modulation  in  the  resultant  intensity.  The  modulation 

is  directly  affected  by  the  degree  of  coherence  and  the 

amplitude  of  the  interfering  beams.  In  applying  this 

technique  to  study  laser  beam  wavefronts,  especially  if 

they  are  pulsed,  the  required  reference  beam  will  have  to 

be  generated  from  the  very  wavefront  to  be  studied. 

The  simplest  application  of  the  interference  technique 

(2) 

is  to  record  a  shearing  interferogram  of  the  wavefront. 
But  the  interpretation  of  the  interferogram  may  not  be 
trivial,  especially  for  complicated  wavefronts.  The 
reason  is  that  both  of  the  interfering  wavefronts  are  un¬ 
known.  A  simple  and  elegant  solution  to  this  problem  is 
to  generate  a  known  local  reference  beam  (L.R.B.)  by 
splitting  off  a  ?art  of  the  wavefront  to  be  studied  and 
focusing  it  onto  a  small  pinhole  aperture  generating  an 
approximately  spherical  wavefront  or  a  plane  wavefront 

iV 

with  the  help  of  an  auxiliary  lens,  L,  as  shown  in  fig.  1. 

For  a  complete  knowledge  of  the  relative  phase  and 
amplitude  distribution  of  a  wavefront,  we  also  need  to 
know  the  intensity  distribution  of  the  two  wavefronts. 

For  pulsed  laser  systems  it  may  be  very  difficult  to  get 

-  (75) 

^Figures  1-7  represent  work  reported  on  earlier  ,  the  essential 

features  of  which  are  covered  here  for  completeness. 
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LOCAL  REFERENCE  BEAM  INTERFEROMETRY 


Fig.l 


LOCAL  REFERENCE  BEAM  HOLOGRAPHY 


Fig. 2 
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a  simultaneous  record  of  the  Intensity  pattern  of  the 
two  interfering  beams  along  with  the  inter ferogram.  An 
obvious  solution  to  this  problem  is  to  record  the  wave- 
front  holographically  and  to  study  the  reconstructed  beam 
at  leisure  using  a  steady  continuous  laser  for  reconstruction. 

Here  it  is  worth  recognizing  that  the  interferogram  of 

fig.  1  is  already  a  hologram  but  only  of  limited  value  since 

it  is  an  "on-axis"  hologram  and  in  the  reconstruction  the 

desired  wavefront  will  be  mixed  up  with  unwanted  wavefronts 

traveling  in  the  same  direction.  However  using  an 

(3) 

off-axis  hologram  arrangement  '  overcomes  the  problem. 

The  basic  method  described  here  is  the  holographic  arrange¬ 
ment  as  shown  in  fig.  2.  If  necessary,  the  "object"  beam 
could  be  expanded  using  a  suitable  lens  system. 

There  is  one  important  point  to  be  emphasized  regarding 
the  local  reference  beam  method:  it  is  useful  to  have  a 
uniform  wavefront  both  in  phase  and  amplitude  to  insure  a 
faithful  reconstruction.  A  suitable  spatial  filter  (a 
pinhole  of  suitable  size  with  or  without  a  matching  micro¬ 
scope  objective)  serves  this  purpose  very  well  generating 
an  easily  reproducible  spherical  we  ye front. 

In  this  method  of  determining  both  the  phase  and  the 
amplitude  distribution  of  a  pulse  multimode  laser  wavefront 
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s 

both  local  reference  beam  holography  and  interferometry 
are  exploited,  but  in  two  independent  step-.  The  first 
step  is  to  record  a  hologram  of  the  pulse  wavefront  by 
local  reference  beam  holography  with  an  arrangement  shown 
in  simplified  form  in  fig.  2.  Then  the  wavefront  is 
reconstructed  using  a  continuous  TEMqq  mode  laser  beam; 
and  the  reconstructed  wavefront  is  made  to  interfere  with 
a  uniform  plane  wavefront.  The  coherent  plane  wavefront 
can  be  easily  derived  from  a  part  of  the  same  laser  beam 
used  to  generate  the  reconstruction  wavefront,  as  shown 
in  fig.  3.  The  inter ferogram  gives  complete  information 
about  the  phase  and  amplitude  distribution  of  the  multimode 
laser  wavefront.  This  method  offers  a  powerful  flexible 
method  to  study  a  pulse  multimode  laser  wavefront,  since 
the  pulsed  laser  wavefront  can  be  regenerated  as  a 
stationary  one.  Its  parameters  can  be  studied  by  a 
variety  of  methods. 

3.  EARLY  LOCAL  REFERENCE  BEAM  TECHNIQUES 
(a)  Interferometric  Techniques 

This  local  reference  beam  method  is  related  to  a 

(4) 

method  first  suggested  by  Korobkin  and  Leontovich  in 


8 


— 

HHj— 

OJ 

I 

. i— 

- - 

>~ 

01 

H 

LU 

5o 

So 

Suj 

o:</> 

LU 

H 


>- 

0.2 
0Q<O 
£T  P' 
§0 
Hlu 

X 


LRB  HOLOGRAPHY  "0  RECORD  A  SIMULATED  “MULTIMODE" 
LASER  WAVEFRONT  AND  ITS  SUBSEQUENT  STUDY  THROUGH 
INTERFEROMETRY  AFTER  RECONSTRUCTION. 


early  1963.  They  studied  the  degree  of  spatial  coherence 
of  a  ruby  laser  by  recording  the  interference  produced  by 
light  from  separate  sections  of  the  wavefront.  Their 
experiments  indicated  a  high  degree  of  spatial  coherence 
between  the  different  parts  of  the  wavefront,  but  did  not 
(and  can  not)  give  the  structure  of  the  entire  phase  front. 

Bondarenko  et  al^  carried  out  an  experiment  in  late 
1963  in  which  the  output  of  a  ruby  laser  was  studied;  a 
spherical  wavefront  was  generated  by  scattering  a  small 
central  p  .rt  of  the  main  beam  through  a  transparent  dielectric 
nonuniformity  which  was  then  made  to  interfere  with  remainder 
of  the  beam.  Related  studies  were  subsequently  carried  out 

/g  \ 

by  Davis'  .  He  used  an  appropriately  coated  plano-concave 
lens  to  produce  the  axially  symmetric  primary  "object" 
beam  reflected  from  the  plane  surface  and  the  spherical  local 
reference  beam  reflected  from  the  concave  surface. 

For  more  convenient  and  quantitative  mapping  of  a 
complicated  phase  structure,  the  reference  wavefront 
should  preferably  be  a  plane  and  uniform  o»n  Miyamoto 
and  Yasuura^^  demonstrated  a  simplified  version  of  such 
an  experiment.  They  measured  the  phase  and  amplitude 
distribution  of  a  laser  wavefront  from  a  continuous  He-N;. 
type  running  in  a  single  transverse  and  single  longitud.nal 
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mode.  The  reference  wave  was  produced  by  splitting  off 
a  part  of  the  laser  beam;  it  was  then  expanded  and 
collimated  by  a  pair  of  positive  lenses. 

None  of  the  above  methods  produces  a  local  reference 
beam  that  gives  rise  to  a  uniform  wavefront  from  a 
general  wavefront.  This  severely  limits  the  usefulness 
of  these  methods  to  study  multimode  laser  beams. 

(b)  Holographic  Techniques 

/  Q  \ 

It  appears  from  the  patent  literature  that  Catheyv  ' 
was  the  first  to  invent  the  idea  of  generating  a  local 
reference  beam  for  holography.  Instead  of  using  a  separate 
external  reference  beam,  he  passed  a  part  of  the  object 
beam  through  a  lens  and  pinhole  assembly  to  the  hologram. 
Since  Cathey's  idea  occurred  in  the  patent  literature,  it 

was  not  well  known  to  the  scientific  community. 

(9) 

In  early  1967,  Rosen  and  Clark  '  experimented  with 
holography  without  any  external  reference  beam;  but  their 
idea  was  not  as  versatile  as  that  of  Cathey's.  Their 
object  was  very  close  to  the  hologram  plane  and  interference 
between  the  different  parts  of  the  object  gave  rise  to  the 
hologram;  reconstruction  of  one  part  of  the  object  was 
carried  out  by  illuminating  the  hologram  by  the  appropriate 
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part  of  the  object  beam. 

In  late  1967,  Caulfield  et  al  apparently 

reinvented  Cathey’s  idea  of  generating  an  easily  re¬ 
producible  local  reference  beam.  Their  original  goal 
was  to  avoid  the  problem  of  path  matching  between  the 
object  beam  from  an  unknown  distance  and  the  external 

reference  beam  in  the  conventional  off-axis  holography. 

(12) 

Caulfield  v  '  then  realized  that  this  idea  of  local  re¬ 
ference  beam  holography  can  be  extended  further  to  make 
holograms  of  any  object  of  any  extent  and  distance,  and 
suggested  the  construction  of  a  holographic  camera  with 
a  laser  as  the  "flash". 

All  the  above  mentioned  works  are  very  much  confined 
to  the  realm  of  pictorial  holography.  As  mentioned  in  the 
previous  section,  the  present  technique  started  with  the 
idea  of  recording  the  pulsed  laser  wavefront  by  local 
reference  beam  holography  and  then  studying  all  the  beam 
parameters  at  leisure  by  using  a  continuous  TEMqq  laser 
beam  for  reconstruction.  To  test  the  resolution  cap¬ 
abilities  both  in  amplitude  and  phase  of  the  method,  we 
ran  three  sets  of  experiments  with  a  TEM^  He-Ne  laser 
and  simulating  the  nonuniform  wavefront  by  using  suitable 
masks  in  the  laser  beam.  Then  the  method  was  applied  to 
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study  TEMq^  CW  He-Ne  (,6328(im)  as  also  ruby  (.6943[un) 
and  Nd-glass  (1.06[im)  pulse  laser  wavefronts. 

Before  concluding  this  section  we  should  mention  some 
of  the  publications  which  have  some  relationship  to  our 
work.  Lurie^^,  Murata  et  al  Ross^)  and 

Aleksoff have  done  some  work  on  holographic 
measurements  of  coherence. 

The  first  two  contribute  to  the  analytic  understanding 
of  the  role  of  degree  of  coherence  in  holography  and  hence 
its  measurements,  and  are  supported  by  experimental  ill¬ 
ustrations.  Only  Ross's  work  directly  refers  to  the 
measurement  of  both  temporal  and  spatial  coherence  of  ruby 
pulse  lasers;  but  because  the  use  of  ground  glass  to 
produce  the  'object  beam*  completely  randomizes  the  phase 

information,  only  the  modulus  of  the  coherence  function  can 

( 18) 

be  measured.  Aleksoff 's  work'  '  reports  displaying  the 
different  transverse  modes  corresponding  to  the  different 
longitundinal  modes.  But  he  used  only  a  CW  He-Ne  laser, 
and  he  also  uses  phase  randomizing  ground  glass. 
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4 .  TEST  EXPERIMENTS 


(a)  Local  Reference  Beam  Holography  to  Reconstruct 
Intensity  Distribution 

In  this  preliminary  series  of  experiments  we  have 
successfully  demonstrated  that  local  reference  beam 
holography  can  reconstruct  quite  rapidly  spatially  in¬ 
tensity  distributions.  This  establishes  two  fundamental 
requirements  of  any  local  reference  beam  for  holography. 

That  there  is  a  reconstruction  at  all,  establishes  the 
essential  requirement  that  the  local  reference  beam  is 
satisfactory.  The  faithfulness  in  the  reconstruction 
demonstrates  the  reproducibility  criterion  of  the  local 
reference  beam.  This  is  an  important  point  since  we  are 
going  to  make  holograms  of  a  pulse  laser  wavefront  with 
local  reference  beam  from  the  same  pulse  and  then  recontruct 
the  wavefront  regenerating  the  reference  beam  from  a 
different  laser  . 

Since  the  test  experiment  was  performed  with  a  continuous 
He-Ne  laser  running  in  the  TEMqq  mode,  the  rapidly  varying 
(spatially)  intensity  distribution  was  simulated  by  in¬ 
serting  known  masks  in  the  beam.  The  experimental  arrange¬ 
ment  is  shown  in  fig.  4.  The  He-Ne  laser  beam  is  diffracted 
by  the  known  mask  m,  and  the  diffracted  beam  is  divided  into 
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SIMULATED  FROM  A  TEM00  CW  He-Ne  LASER  BEAM 


two  parts  with  the  help  of  the  beam  splitter  BS .  The 
part  which  goes  straight  through  is  used  to  generate  the 
local  reference  beam  with  the  help  of  the  spatial  filter 
SP.  The  reflected  part  constitutes  the  simulated  rapidly 
varying  amplitude  variation  of  a  "multimode"  pulsed  laser; 
this  is  our  object  beam.  By  choosing  different  focal 
lengths  for  the  lens  L  we  can  control  the  frequency  of 
amplitude  variation  at  the  recording  plane  I  and  the  re¬ 
lation  between  the  mask  M  and  diffracted  beam  received  by 
the  hologram. 

Two  sets  of  records  were  taken  using  two  different 
masks:  an  amplitude  Ronchi  ruling  and  a  phase  Ronchi 
ruling.  In  each  case  holograms  were  recorded  under  three 
different  conditions  using  lenses  of  appropriate  focal 
lengths  for  L  (fig.  4)  such  that  the  hologram  appeared  to 
be  successively  in  (i)  the  Fraunhofer  plane,  (ii)  the  Fresnel 
plane  and  (iii)  the  image  plane  with  respect  to  the  diffract¬ 
ing  mask  M.  The  reason  for  recording  in  three  different 
hologram  planes  is  to  test  the  precise  reproducibility  of 

the  reconstructing  local  reference  beam.  For  example,  it 

(19) 

is  established  that  the  quality  of  the  reconstructed 

image  from  an  image  plane  hologram  is  least  sensitive  to 
deviations  in  the  reconstructing  beam  from  that  of  the 
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original  reference  beam;  it  is  a  little  more  sensitive  for 
a  Fresnel  plane  hologram.  The  highest  sensitivity  is  for 
the  Fraunhofer  plane  hologram.  This  is  because  the  amplitude 
corresponding  to  the  frequency  spectrum  of  an  object  is 
spatially  dispersed  in  a  regular  fashion  over  the  entire 
Fraunhofer  plane;  consequently  any  distortion  in  any  part 
of  the  reconstructing  beam  would  lead  to  a  distortion  all 
over  the  object  which  corresponds  to  those  spatial  frequencies 
that  are  modified.  Whereas  for  image  plane  holograms,  a 
local  distortion  in  the  reconstructing  beam  will  produce, 
at  best,  a  corresponding  local  distortion  in  the  object. 

The  recorded  results  shown  in  figures  5  and  6  are 
arranged  in  an  identical  sequence;  the  only  difference  is 
that  fig.  5  corresponds  to  the  amplitude  Ronchi  ruling  mask 
and  fig.  6  corresponds  to  the  phase  Ronchi  mask.  In  both 
the  diagrams  the  three  successive  columns  correspond  to 
(i)  the  Fraunhofer  plane,  (ii)  the  Fresnel  plane  and  (iii) 
the  image  plane  holographic  arrangements  as  mentioned 
earlier.  The  pictures  of  the  first  row  are  the  direct 
record  of  the  object  beam.  The  second  row  corresponds  to 
the  reconstruction  by  the  original  local  reference  beam  and 
the  third  row  represents  records  of  the  reconstruction  by 
a  local  reference  beam  generated  from  a  "different"  laser 
beam , 
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It  can  be  noted,  from  a  careful  comparison  of  the  last 
two  rows  of  each  column  of  both  figures  5  and  6  that  the 
reconstructions  by  the  original  local  reference  beam  and 
by  a  beam  generated  from  a  different  laser  are  remarkably 
similar.  It  may  also  be  noted  that  all  three  columns  show 
almost  equal  faithfulness  in  reconstruction.  Apparently, 
the  different  holograms  do  not  show  different  resolution 
capability.  This  establishes  very  strongly  that  the  local 
reference  beam  generated  from  a  different  laser  very  closely 
resembles  the  original  local  reference  beam.  It  is  worth 
mentioning  that  our  reconstructed  images  (2nd  and  3rd  rows) 
show  a  slight  deviation  from  the  directly  recorded  images 
(1st  row),  The  amplitude  variation  of  the  "object"  beam 
was  apparently  beyond  the  linear  region  of  "transmittance 
vs.  exposure"  curve  for  the  hologram.  This  can  be  taken 
care  of  by  choosing  a  better  beam  balance  ratio. 

(b)  Local  Reference  Beam  Holography  to  Reconstruct  Phase 

Structure  and  Subsequent  Interferometry  to  Study  Phase 
and  Amplitude  of  a  Wavefront. 

As  in  the  previous  experiment,  the  phase  and  amplitude 
variation  of  the  laser  wavefront  was  simulated  by  Inserting 
a  suitable  phase  mask  in  the  beam.  The  experimental  arrange¬ 
ment  is  shown  in  figure  3.  The  lens  Ll  images  the  phase 
mask  on  to  the  interferogram  plane  I  where  it  interferes  with 
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a  uniform  plane  wavefront  generated  from  a  part  of  the 
original  laser  beam  with  help  of  the  spatial  filter  SP2 
and  the  collimating  lens  L2. 

The  first  experiment  was  done  with  a  Ronchi  phase 
mask.  Figure  7  shows  the  interferograms  of  the  phase 
wavefront  recorded  directly  and  from  the  holographic  re¬ 
constructions  with  local  reference  beam  generated  under 
different  conditions,  Interferogram  (7a)  was  recorded 
from  the  direct  object  beam  and  (7b)  was  recorded  from  the 
reconstructed  object  beam. 

The  second  experiment  was  performed  with  a  standard 
resolution  testing  phase  bar-target.  This  mask  introduces 
changes  in  amplitude  and  phase  of  varying  frequency  over  the 
wavefront.  The  interferograms  of  the  direct  and  reconstructed 
wavefronts  are  shown  in  7(c)  and  7  (d)  respectively.  As  in 
the  previous  set  of  experiments  the  comparison  of  (b)  with 
(a)  and  (d)  with  (c)  of  figure  7  establishes  the  faith¬ 
fulness  of  the  holographic  process  and  the  reproducibility 
of  the  local  reference  beam..  Since  high  frequency  bar 
sets  have  been  reconstructed  we  can  apply  the  local 
reference  beam  techniques  to  record  even  a  very  noisy  laser 
wavefront  like  the  "filamentary"  output  from  a  pulsed  solid 
state  laser. 
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CONSTANT  AND  VARIABLE  FREQUENCY 
PHASE  RECONSTRUCTION  THROUGH  LRB 
HOLOGRAPHY.  VERIFICATION  BY  INTERFERO 
METRIC  FRINGES. 


Actually,  for  both  of  the  above  experiments,  three 
different  reconstructions  were  carried  out  under  three 
different  conditions;  first,  with  the  original  local 
reference  beam,  the  original  interferogram;  the  second 
and  third  reconstructions  were  carried  out  with  local 
reference  beam  generated  from  two  laser  beams  of  widely 
different  wavefronts.  These  were  also  indistinguishably 
similar  to  the  first  reconstruction  as  well  as  the 
original  (direct)  interi'erogram;  this  establishes  the 
repoducibility  of  the  local  reference  beam. 

The  analysis  of  the  interferograms  of  the  above 
experiments  offers  the  obvious  possibility  of  studying 
both  phase  and  amplitude  of  the  reconstructed  wavefronts 
from  the  contour  and  visibility  of  the  fringes  since  the 
reference  beam  for  interferometry  is  completely  known. 


5.  APPLICATION  OF  THE  METHOD  TO  KNOWN  LASER  WAVEFRONT 
(TEMoi  CW  He-Ne) 

While  we  have  established  the  applicability  of  the 
method  with  known  simulated  "multimode"  from  TEM^q  He-Ne 
beam,  we  have  not,  so  far,  applied  it  to  the  study  of  a 
real  laser  mode  where  the  results  are  known  so  that  useful 
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comparison  can  be  made.  Thus  the  results  of  recon¬ 
struction  of  the  wavefront  from  the  hologram  will 
further  establish  the  validity  of  our  method. 

In  addition,  the  very  idea  of  applying  holography 

to  study  near-infrared  Nd-glass  laser  pulses  (1.06pm) 

has  some  technical  problems .  One  of  the  inherent 

characteristics  of  the  Nd-glass  laser  is  that  when  it 

is  pumped  strongly  (around  or  above  100J) ,  the  spectral 

width  of  the  output  pulse  runs  from  50  to  100$ 

(  1000  to  around  3000  GHz)  .  Correspondingly,  the 

coherence  length  could  be  a  small  fraction  of  a  nun.  (The 

spectral  width  could  be  reduced  down  to  ,lK,  i.e.,  around 

( 21) 

30  GHz  or  coherence  length  ~ lcm  by  introducing  a  prism v 

(22  23) 

or  tilted  etalon  ’  inside  the  laser  cavity.)  Thus  the 
path  difference  between  the  two  interfering  beams  of  Nd-glass 
pulse  will  have  to  be  kept  accurately  equal.  For  this 
reason  a  Maeh-Zehnder  interferometer  was  used  as  shown  in 
figure  8. 

Another  problem  occurs  since  there  are  no  commercially 
available  photographic  plates  of  reasonably  low  grain  size 
to  do  holographic  work  at  1 .06um.  Eastman  Kodak  Company 
has  supplied  us  with  some  special  experimental  films  (4 -Z) 
sensitive  to  1.06|im.  It  has  been  claimed  to  have  a  spatial 
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resolution  capability  of  a  few  hundred  lines/mm  which 
is  nearly  an  order  of  magnitude  higher  than  1-Z  emulsion. 
Even  then  the  angle  between  the  interfering  beams  could 
not  be  more  than  15°  (  ^  400JJ  /mmN  The  set-up  (fig.  8)  of 
the  Mach-Zehnder  interferometer  is  ideal  for  use  with 
these  new  films .  But  at  low  carrier  fringe  frequency, 
the  very  success  of  holography  might  become  questionable 
if  the  frequency  of  the  information  is  only  an  order  of 
magnitude  lower  than  the  carrier.  With  this  important 
point  in  mind,  we  have  carried  out  some  experiments  to 
study  some  TEM_ ^  modes  from  a  He-Ne  laser  of  beam  dia¬ 
meter  less  than  a  mm  with  the  local  reference  beam  holo¬ 
graphic  method. 

The  He-Ne  laser  used  was  of  hemispherical  cavity 
(30cm)  and  the  bore  of  the  discharge  tube  was  just  large 
enough  to  allow  the  laser  to  run  at  some  low  order  trans¬ 
verse  mode.  To  keep  the  experiment  simple,  we  chose  to 
record  a  TEM^  mode  under  two  slightly  different  cir¬ 
cumstances.  First,  it  was  adjusted  to  run  at  a  pure  TEM^ 
mode  as  is  verified  by  the  oscilloscope  trace  of  the  long¬ 
itudinal  modes  (fig  9a),  the  intensity  pattern  (9b),  and 
the  interferogram  (9c).  Secondly,  it  was  made  to  run 
dominantly  at  TEMq^  but  with  some  undetermined  "impurity" 
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HOLOGRAPHIC  RECORD  OF  A  REAL 
1 1  He-Ne  CW  LASER  WAVE  FRONT 
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(a) 


(b) 


(c) 


PURE  TEM0,  MODE  FROM  A  He-Ne  LASER 

(a)  THE  LONGITUDINAL  MODES  AS  RECORDED  THROUGH 
A  SCANNING  FABRY-PEROT  INTERFEROMETER  OF 
FREE  SPECTRAL  RANGE  ^1.54  GHz. 

INTERMODE  SPACING  :  Av  LASER  ~  .5  GHz. 

(b)  THE  INTENSITY  PATTERN. 

(c)  THE  INTERFEROGRAM.  180  °  PHASE  DIFFERENCE 
BETWEEN  THE  TWO  "LOBES"  IS  SELF-EVIDENT. 


Fig. 9 
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(e) 


(f) 


"IMPURE"  TEM0|  MODE  FROM  He-Ne  LASER 

(d)  LONGITUDINAL  MODES; 

(e)  INTENSITY  PATTERN; 

(f)  INTERFEROGRAM. 


Fig. 9  (Continued) 
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which  is  demonstrated  in  the  records  of  the  spectrum  (9d), 
the  intensity  distribution  (9e) ,  and  the  interferogram  (9f) . 

We  recorded  these  two  pure  and  impure  TEMq^  modes 
holographically  on  Agfa  101.275  plates  at  low  carrier  fringe 
frequency  of  about  400  lines /mm.  The  results  of  re¬ 
construction  through  a  separate  Mach-Eehnder  inter¬ 
ferometer  (fig.  10)  are  shown  in  fig.  11.  Fig.  11a  is 
the  magnified  hologram  of  pure  TEM^  and  lib,  11c  correspond 
to  the  reconstructed  intensity  and  complex  amplitude 
distribution  respectively.  Fig.  lid  is  the  hologram  of 
the  impure  112M_^  mode  and  the  results  of  reconstruction 
arc  shown  in  lie  (intensity  distribution)  and  Ilf 
(complex  amplitude  distribution) .  The  comparison  of 
these  picture’s  with  the  corresponding  ones  in  fig.  9 
establishes  the  local  reference  beam  holographic  method 
for  relatively  low  frequency  carrier  fringes. 

This  modified  experimental  method  should  be  well  suited 
to  study  Nd-glass  laser  pulses,  since  it  accommodates  the 
restrictions  imposed  by  this  laser  (very  short  coherence 
length)  and  by  the  new  Kodak  films  sensitive  to  1.06u 
radiation  (low  spatial  resolution  capability). 
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He-Ne  Laser  Bearn  splitter 
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LRB -HOLOGRAM  AND  ITS  SUBSEQUENT  INTERFEROMETRIC  STUDY 
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(a)  A  MAGNIFIED  PORTION  OF  THE  HOLOGRAM 
(~400  L/mm ) 

(b)  INTENSITY  PATTERN;  (c)  INTERFEROGRAM 


(d) 


(e) 


(£) 


RECONSTRUCTION  OF  THE  "IMPURE"  TEM0, 
LASER  WAVEFRONT  FROM  THE  LRB- HOLOGRAM 
RECORD  AND  ITS  INTERFEROGRAM . 

(d)  HOLOGRAM;  (e)  INTENSITY  PATTERN; 

(f)  INTERFEROGR'1  1 


Fig. 11  (Continued) 
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6.  APPLICATION  OF  THE  METHOD  TO  RUBY  PULSE  LASER 


In  this  section  experiments  with  a  multi-mode  pulse 
laser  wavefront  generated  by  a  conventional  ruby  laser  are 
reported.  The  experimental  arrangement  is  shown  in  Fig. 

12.  The  continuous  He-Ne  laser  serves  two  purposes. 

First,  in  conjunction  with  mirror,  M5  and  beam  splitter, 

/ 

BS3,  it  is  used  to  align  the  ruby  laser  cavity.  The 
second  purpose!  is  to  reconstruct  the  pulsed  laser  wavefront 
in  continuous  mode  from  the  recorded  hologram  and  study 
it  interferometrical Ly  with  the  help  of  mirrors  M5,  M6 
and  the  section  following  Ml  and  SP2;  the  hologram  being 
recorded,  without  cither  BS3  or  M6  in  position,  in  the 
section  following  BS2  and  BS1. 

The  cavity for  the  ruby  laser  was  formed  by  a 
roof  prism  (with  the  face  at  Brewster  angle)  in  one  end 
and  in  the  other  a  partially  transmitting  resonating 
reflector  (the  output  end) .  This  gives  a  polarized  output 
of  reasonably  narrow  bandwidth  radiation  suitable  for 
regular  holographic  work. 

In  this  illustrative  experiment,  the  ruby  laser  cavity 
was  kept  purposefully  "misaligned"  to  give  some  higher  order 
transverse  modes.  The  intensity  pattern  of  fig.  13  is  a 
record  of  such,  a  transverse  mode  reconstructed  with  the 
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(a) 


(b) 


INTENSITY  PATTERN  OF  A  RUBY  LASER  PULSE 
RECONSTRUCTED  FROM  A  L  R  B  HOLOGRAPHIC 
RECORD.  TWO  DIFFERENT  EXPOSURES  OF  THE 
SAME  WAVEFRONT. 


Fig. 13 
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He-Ne  laser  from  a  hologram  record  of  the  ruby  pulse. 

Figures  14  .and  15  show  some  of  the  interferograms  of  this 
wavefront  with  a  large  radius  (50  cm)  spherical  wavefront 
generated  by  !5F2  (fig.  12).  Fig.  14  shows  two  sets  of 
"horizontal"  fringes.  Because  of  the  introduced  tilt,  the 
fringes  are  slightly  curved  upward  in  (a)  and  downward  in 
(b) .  In  fig.  14  there  are  distinct  jumps  in  the  fringe 
contour  '.(phase  contour)  as  one  goes  from  one  lobe  to  an¬ 
other  which  is  the  established  characteristics  of  a  laser 
mode.  The  "vertical"  fringes  of  fig,  15  further  establishes 
the  fact  that  each  lobe  corresponds  to  "roughly"  one  and 
the  same  phase.  But,  still,  it  is  very  difficult  to  assign 
any  particular  mode  numbers  to  it.  Besides,  the  "diffraction 
fringes"  in  the  intensity  pattern  (fig.  13)  makes  it  more 
difficult  to  explain.  It  appears  that  the  emission  was  a 
mixture  of  some  "filamentary"  modes  and  some  higher  order 
Hermite-Gaussian  modes;  and  the  different  transverse  modes 
could  belong  to  different  longitudinal  modes.  In  case  the 
experimenter  is  specifically  interested  in  identifying  the 
different  transverse  modes  corresponding  to  different 
longitudinal  modes,  he  should  use  Aleksoff's  method v  '  of 
putting  a  high  resolution  spherical  Fabry-Perot  (FPS)  etalon 
in  one  beam  and  a  diffuser  in  the  other  beam,  where 


(a) 


(b) 

HORIZONTAL"  FRINGES.  INTERFEROGRAMS  OF 
THE  PULSE -LASER-WAVEFRONT  RECONSTRUCTED 
IN  CONTINUOUS  MODE.  THE  CENTER  OF  CURVATURE 
OF  THE  FRINGES  IS  ABOVE  THE  CENTER  OF  THE 
PICTURE  IN  (a)  AND  BELOW  IN  (b). 

Fig. 14 
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(b) 

VERTICAL" FRINGES.  INTERFEROGRAMS  OF  THE 
PULSE -LASER -WAVEFRONT  RECONSTRUCTED  IN 
CONTINUOUS  MODE.  THE  CENTER  OF  CURVATURE 
OF  THE  FRINGES  IS  TO  THE  LEFT  OF  THE  CENTER 
OF  THE  PICTURE  IN  (a)  AND  TO  RIGHT  IN  (b)  . 


Fig. 15 
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the  reference  beam  consists  of  spatially  separated 
longitudinal  modes  through  FPS  and  the  object  is  the 
diffuser  illuminated  by  an  unperturbed  part  of  the 
laser  pulse. 

7.  APPLICATION  OF  THE  METHOD  TO  Nd-OLASS  LASER 

In  this  section  we  report  the  results  of  application 
of  the  local  reference  beam  holography  method  to  the 
study  of  a  Nd-glass  pulsed  laser  wavefront.  It  has  been 
mentioned  in  section  5  that  this  laser  poses  two  problems 
for  holography:  (a)  Kodak  4 -Z  film  (still  in  experimental 
stage)  which  is  sensitive  to  l,06|i.m  radiation,  has  a 
resolution  capability  of  less  than  two  hundred  lines 
per  mm.  (b)  The  Nd-glass  laser  pulse  has  a  very  short 
temporal  coherence  length  (r*>  few  mm)  even  with  a  resonating 
output  mirror  (top  left  part  of  fig.  16).  Both  these 
problems  can  be  handled  by  a  Maeh-Zehnder  interferometer 
type  holographic  arrangement  (right  hand  portion  of  fig.  16) 

It  can  be  seen  in  fig.  16  that  the  laser  rod  is 

like  a  thick  plano-convex  lens  and  the  totally  reflecting 

mirror  is  a  'matching'  convex  mirror.  The  output  'mirror' 

(22  23) 

is  a  tilted  etalon  ’  which  is  capable  of  forcing 
the  cavity  to  lase  in  a  spectral  bandwidth  narrow  enough 
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Nd -GLASS  LASER 


for  holographic  work.  This  arrangement  with  an  appro¬ 
priate  aperture  inside  the  cavity  is  capable  of  giving 
a  TEMqq  mode  output  of  large  beam  diameter  3mm) . 

The  CW  He-Ne  laser  is  used  for  aligning  the  laser 
cavity. 

Initially  the  holographic  fringe  frequency  was 
set  for  about  400  lines /mm  as  it  was  the  initial  claim 
on  4-Z  film.  Because  of  consistent  failure  to  record 
any  hologram,  a  shearing  interferogram  of  fringe 
frequency  of  about  one  line  per  millimeter  was  first 
recorded  on  1-Z  film  (Fig.  17b;  Fig.  17a  shows  the 
intensity  record) .  The  shearing  interference  was  produced 
by  the  two  beams  reflected  from  the  front  and  back  surfaces 
of  about  half  a  millimeter  thick  microscope  cover- 
glass.  The  shearing  interferogram  demonstrates  that  the 
radiation  had  at  least  several  mm  temporal  coherence.  So, 
the  only  reason  for  the  failure  of  recording  a  hologram 
must  have  been  due  to  having  a  fringe  frequency  of  the 
order  of  or  higher  than  the  frequency  response  of  the 
film. 

Then  the  angle  of  interference  of  the  hologram  beams 
was  reduced  so  as  to  have  fringe  frequency  around  100 
lines /mm  and  a  successful  hologram  was  recorded  (fig. 

17c).  The  reconstruction  was  carried  out  with  a  TEMqq 
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STUDYING  Nd -GLASS  PULSE  LASER  WAVE 
FRONT  BY  LRB  -  HOLOGRAPHY  USING  4Z  FILM. 

( a )  DIRECT  INTENSITY  PATTERN  ( b)  SHEARING  INTER  - 
FEROGRAM,( c  )  HOLOGRAM  MOO  L/MM)  (d )  RECON¬ 
STRUCTED  INTENSITY  PATTERN,(e)  INTEFEROGRAM 
OF  THE  RECONSTRUCTED  WAVEFRONT 

Fig. 17  , 


He-Ne  laser.  The  arrangement  has  been  discussed  in 
Sec.  5  (fig.  10).  The  reconstructed  intensity  pattern 
is  shown  in  fig.  17d  which  is  remarkably  similar  to 
the  direct  record  (a).  The  interferogram  formed  with 
the  reconstructed  beam  is  shown  in  (e) .  Comparison  of 
(b)  r.id.(e)  demonstrates  that  both  the  direct  and  the 
reconstructed  wavefront  have  uniform  phase.  But,  the 
shape  of  the  intensity  pattern,  slightly  triangular 
(a  and  d)  restrains  one  from  concluding  that  the  pulse 
was  a  TEMqq  one.  It  is  likely  that  the  laser  cavity  was 
producing  a  TEMqq  wavefront  of  beam  diameter  larger  than 
the  aperture  set  inside  the  cavity  (fig.  16)  and  that 
the  slight  deviation  of  this  aperture  from  perfect  circular 
shape  gave  rise  to  the  slightly  triangular  amplitude 
distribution  with  uniform  phase. 

Thus  we  can  claim  to  have  established  our  essential 
objective  that  even  Nd-glass  infrared  laser  wavefront 
i an  be  studied  by  our  method.  At  this  point  we  may 
mention  that,  as  far  as  literature  is  concerned,  this 
is  the  first  successful  record  of  an  Infrared  hologram 
on  conventional  photographic  film  sensitized  to  infrared 


radiation . 


8.  CONCLUSION 


The  main  purpose  of  this  work  was  to  develop  and 
establish  a  local  reference  beam  holographic  technique 
in  conjunction  with  interferometry  to  study  beam  para¬ 
meters  of  any  laser  wavefront  (CW  or  pulsed) .  The 
complete  information  about  any  wavefront  is  known  when 
its  mutual  intensity  function  is  determined;  and  a  hologram 
records  this  complete  information.  Then,  following  the 
role  of  coherence  function  in  the  visibility  of  interference 
fringes  and  its  corresponding  effect  in  holographic  re¬ 
construction.,  it  is  easy  to  see  that  the  brightness  in 
the  holographically  reconstructed  image  is  proportional  to 
the  square  modulus  of  the  mutual  coherence  function  between 
the  object  point  and  the  reference  wave  point.  So.  with 
a  knowledge  of  the  reference  wavefront,  the  modulus  of  the 
mutual  coherence  function  can  be  mapped  out  from  the 
photometric  measurement  of  the  intensity  in  the  reconstructed 
image.  The  phase  of  the  mutual  coherence  function  can  be 
unambiguously  measured  by  our  interferometric  technique 
after  holographic  reconstruction. 
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SECTION  III 


PR2CEDIN3  PASS  BLANK-NOT  FILMED 


THE  DESIGN  OF  EFFICIENT  SOLID  STATE  LASER  SYSTEMS  WITH 
HIGH  AVERAGE  POWER  AND  LOW  BEAM  DIVERGENCE 
The  Measurement  and  Correction  of  Optical 
Distortion  in  Solid  Laser  Rods 


by  M.  Hercher 


1 .  INTRODUCTION 

One  of  the  most  desirable  characteristics  of  a  laser 
is  its  capability  to  emit  a  beam  whose  angular  divergence 
is  limited  only  by  diffraction.  In  order  to  realize  this 
low  beam  divergence  in  practice,  however,  the  laser  re¬ 
sonator  must  be  properly  designed  and  Lhe  components  of 
the  laser  must  be  of  high  optical  quality.  More  specific- 
_ lly,  a  wavefront  making  a  single  traverse  of  the  laser 
resonator  should  be  distorted  from  a  perfect  plane  or 
spherical  wavefront  by  no  more  than  a  small  fraction  of  a 
wavelength.  In  the  case  of  solid  lasers  (either  crystal 
or  glass)  this  condition  is  often  difficult  to  satisfy. 

To  start  with,  most  laser  rods,  particularly  those  whose 
length  exceeds  a  few  centimeters,  are  found  to  be  optically 
imperfect  even  when  their  ends  are  polished  plane  and 
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parallel.  Refined  crystal  growth  and  glass  fabrication 
techniques  have  gone  far  to  minimize  this  problem,  but 
it  still  exists.  In  high  quality  solid  laser  materials 
typical  passive  optical  distortions  are  on  the  order  of 
one  or  two  waves  per  centimeter  of  aperture  for  every 
ten  or  twenty  centimeters  of  length.  More  difficult  than 
these  passive  aberrations,  however,  are  those  distortions 
which  are  due  to  thermal  effects  during  the  operation  of 
the  laser.  If  a  laser  rod  is  optically  pumped  more  or 
less  uniformly  across  its  cross-section,  then  it  will  be 
heated  more  or  less  uniformly.  But  if,  as  is  typically 
the  case,  it  is  cooled  by  a  fluid  flow  across  its  cylinder 
surface,  then  it  will  certainly  be  cooled  nonuniformly . 

Any  resultant  thermal  gradients  within  the  laser  rod  will 
cause  a  corresponding  optical  distortion.  These  thermal 
distortions  are  of  two  types:  those  due  to  thermal  expansion, 
and  those  due  to  a  thermal  variation  in  the  refractive  index 
of  the  laser  material.  In  some  instances  these  two  effects 
have  been  used  to  balance  one  another,  but  in  most  cases 
this  is  not  a  viable  approach. 

The  problem  with  which  we  are  concerned  in  this  section 
is  this:  given  a  laser  rod  which  at  the  instant  of  laser 
emission  has  a  reproducible  optical  distortion,  how  do  we 
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(a)  measure  this  distortion  and  (b)  compensate  for  it. 

We  will  not  be  concerned  with  the  question  of  avoiding 
these  types  of  distortion  either  in  the  fabrication  of 
materials  or  in  the  design  of  laser  systems,  although 
it  is  clear  that  significant  improvements  can  be  made 
in  these  areas . 

In  the  following  paragraphs  we  will  describe  a  variety 
of  techniques  for  accurately  measuring  the  optical  distortion 
in  a  laser  rod  at  the  instant  of  lasing,  and  we  will  describe 
some  methods  for  using  this  data  to  correct  for  these 
distortions . 

2.  MEASUREMENT  OF  OPTICAL  DISTORTION  IN  LASER  RODS 

It  is  fairly  easy  to  measure  the  angular  divergence 
of  a  laser  beam,  and  with  a  little  more  trouble  one  can 
determine  the  radius  of  curvature  of  the  sphere  which  most 
nearly  matches  the  wavefront  emitted  by  the  laser.  Un¬ 
fortunately,  this  falls  far  short  of  the  quantitative 
assessment  of  the  laser  beam  which  is  required  in  order  to 
make  a  correction  plate  for  the  laser.  (A  correction  plate 
is  a  passive  element  which,  placed  inside  the  laser  resonator, 
converts  the  distorted  wavefront  to  a  plane  or  spherical 
wavefront.)  The  adequate  measurement  of  the  distorted 
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wavefront  must  include  both  phase  and  amplitude  in¬ 
formation.  The  phase  information  is  more  important 
since  when  the  phase  distortion  is  corrected,  the 
amplitude  distribution  will  generally  become  uniform. 

In  order  to  record  the  required  phase  information  we 
must  obtain  an  interferometric  record  of  the  wavefront. 

This  can  be  in  the  form  of  a  conventional  interferogram, 
or  it  can  be  a  hologram. 

There  are  two  somewhat  different  approaches  that  we 
can  take  in  measuring  the  distortion  of  a  laser  rod.  We 
can  either  directly  record  the  wavefront  emitted  by  the 
laser,  or  we  can  use  the  light  from  another  laser  -- 
preferably  one  emitting  a  plane  wavefront  --  to  assess 
the  interferometric  quality  of  the  laser  rod  under  the 
conditions  in  which  it  is  to  be  used.  The  first  method 
has  the  advantage  of  directness,  i.e.  one  obtains  precisely 
the  information  that  is  desired,  but  this  method  is  often 
inconvenient.  For  example,  if  the  laser  being  tested  has 
a  broad  spectral  bandwidth  then  it  may  be  very  difficult 
to  adequately  equalize  optical  paths  in  the  interferometer 
in  order  to  obtain  an  interferogram  of  high  visibility. 

The  second  method  is  less  direct  and  may  not  precisely 
reproduce  the  operating  conditions  of  the  laser,  but  it 
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is  often  far  more  convenient . 


Following  are  descriptions  of  a  number  of  different 
techniques  for  obtaining  interferometric  measurements 
of  distorted  wavefronts  from  lasers.  Each  description 
is  accompanied  by  an  assessment  of  that  particular  method, 
and,  in  some  instances,  an  example  of  a  situation  where 
it  might  prove  particular ly  useful. 

Mach-Zehnder  Interferometer 

The  two  versions  of  this  interferometer  which  we 
have  considered  are  shown  in  figs . 18  and  19.  In  the  first 
case,  shown  in  fig.  1,  the  laser  rod  under  test  is  placed 
in  one  arm  of  the  interferometer  and  a  collimated  beam 
from  a  gas  laser  is  used  as  the  light  source.  The  camera 
is  focused  on  the  laser  rod  and  the  resultant  interferogram 
is,  in  effect,  a  contour  map  of  the  aberrated  wavefront 
which  has  made  a  single  pass  through  the  laser  rod.  We 
have  used  this  arrangement  extensively  in  measuring  the 
thermal  distortions  in  f lashlamp-pumped  ruby  laser  rods. 

A  typical  interferogram  is  shown  in  fig. 20,  which  is  one 
frame  from  a  64  fps  camera  and  was  exposed  approximately 
1  msec  after  the  flashlamp  was  fired.  We  have  also  used 
this  arrangement  with  a  Q-switched  ruby  laser  as  a  light 
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Figure  18.  Mach-Zehnder  interferometer  arrangement  for 
testing  laser  rods. 
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Figure  19.  Mach-Zehnder  interferometer  arrangement  for  measuring 
distortion  in  laser  wavufronts. 
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source  --  synchronizing  the  Q-switched  laser  pulse  with 
the  firing  of  the  flashlamp  so  as  to  obtain  an  inter- 
ferogram  at  the  instant  during  the  flashlamp  pump  pulse 
at  which  the  laser  rod  under  test  was  to  be  operated. 

In  the  latter  mode  of  operation,  a  helium-neon  laser  was 
used  for  aligning  the  interferometer  and  equalizing  the 
optical  path  lengths  in  the  two  arms. 

In  the  mode  of  operation  shown  in  fig.  19,  it  is  not 
the  laser  rod  which  is  examined  interferometrically,  but 
rather  the  wavefront  which  has  emerged  from  the  laser  rod(s) . 

As  mentioned  earlier,  this  method  of  assessment  has  the 
advantage  of  directly  measuring  the  wavefront  which  is 
to  be  corrected.  Also,  this  method  is  more  suitable  for 
measuring  the  wavefront  distortion  due  to  a  number  of  laser 
rods  in  series.  As  shown  in  fig. 19,  the  distorted  wavefront 
passes  through  one  arm  of  the  interferometer,  while  a 
spatial  filter  is  located  in  the  other  arm  of  the  interferometer. 
This  spatial  filter  is  used  to  derive  a  diffraction-limited, 
undistorted  plane  wave  from  the  aberrated  incident  wave. 

The  more  badly  distorted  the  incident  wave,  the  smaller 
the  amount  of  energy  in  the  spatially  filtered  wave.  As 
a  result,  there  is  generally  some  difficulty  in  equalizing 
the  energies  in  the  two  interfering  wavefronts  so  as  to 
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assure  good  contrast  in  the  interferogram.  One  might 
expect  that  for  r. \  badly  distorted  wavefront,  there  might 
be  a  variation  in  waveiengch  across  the  beam:  this  would, 
of  course,  make  it  impossible  to  record  interference  fringes 
in  the  manner  described  above.  To  d’.te  we  have  not  en¬ 
countered  this  problem  even  though  we  have  made  measurements 
of  laser  rods  so  badly  distorted  that  they  tended  to 
oscillate  in  filaments.  The  in-line  hologram  technique 
described  below  appears  to  be  a  far  more  convenient  method 
for  making  the  types  of  measurement  described  in  this 
paragraph,  and  will  be  tested  in  the  near  future. 

It  should  be  noted  that  a  Twyman-Oreen  interferometer 
(fig.?.!)  can  be  used  in  place  of  a  Maeh-Zehnder  inter¬ 
ferometer:  since  it  is  a  double-pass  interferometer,  it 
is  twice  as  sensitive  as  a  Mach-Zehnder  interferometer, 
but  does  not  readily  lend  itself  to  the  insertion  of  a 
spatial  filter  in  one  arm. 

Holographic  Wavefront  Recording 

Holographic  techniques  for  recording  laser  wavefronts 
offer  the  significant  advantage  that  they  allow  the  dis¬ 
torted  wavefront  to  be  faithfully  reproduced,  so  that 
interferometric  assessment  can  be  carried  out  afterwards 
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Figure  .11 .  Twyman-Green  interferometer  arrangement  for 
testing  laier  rods. 
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Figure  22.  Method  for  obtaining  holographic  record*  of 

distorted  wavefronts  from  lasers.  Polarization 
of  the  laser  beam  should  be  perpendicular  to  the 
plane  of  the  figure. 
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by  a  wide  variety  of  techniques.  The  hologram  itself, 
however,  is  an  interferogram  and  requires  careful 
equalization  of  optical  paths,  polarization  orientation, 
high  resolution  film,  etc.  The  basic  optical  arrangement 
is  shown  in  fig.  22  (which  closely  resembles  fig. 19).  A 
major  problem  in  using  this  technique  is  that  the  optical 
path  lengths  for  the  object  and  reference  beams  must  be 
equal  to  within  a  single  coherence  length  of  the  laser 
being  tested.  The  coherence  length  is  related  to  the 
spectral  bandwidth  of  the  laser  by 

I'c  =  ^  ^  > 

where  \\  is  the  spectral  bandwidth.  For  a  ruby  laser  this 

[  |  | 

may  be  as  small  as  5mm,  and  for  an  Nd  ;  glass  laser  it 
is  likely  to  be  less  than  1  mm.  When  the  angle  between 
the  object  and  reference  beams  is  appreciable,  path 
equalization  requires  elaborate  optical  compensation  and 
the  use  of  this  technique  becomes  questionable,  particularly 
in  view  of  the  alternative  techniques  which  can  provide 
comparable  data.  (The  elaborate  path  equalization  techniques 
were  developed  in  conjunction  with  the  use  of  a  Q-switched 
ruby  laser  for  short  exposure  holography  of  non- luminous 
objects.)  In  the  case  of  lasers  operating  at  1.06  microns, 
the  very  high  resolution  photographic  materials  generally 
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used  for  holography  are  not  yet  available. 

After  a  hologram  is  obtained  it  can  be  bleached 
(which  effectively  increases  the  exposure  latitude  of 
the  film  at  the  expense  of  an  increase  in  background 
noise)  and  "played  back"  by  illuminating  it  with  a  beam 
(derived  from  a  cw  gas  laser)  whose  orientation  relative 
to  the  plate  matches  that  of  the  reference  beam  during 
exposure.  The  reconstructed  wavefront  can  then  be  assessed 
interferometrically  (e.g.,  using  the  arrangement  of  fig. 19) 
and,  if  desired,  the  effect  of  a  correction  plate  can  be 
directly  observed. 

In-Line  Hologram 

This  technique,  which  we  have  only  recently  developed, 
is  actually  an  interferometric  as  much  as  a  holographic 
technique.  That  is  to  say,  the  resultant  photograph  can 
be  either  interpreted  directly  in  terms  of  the  wavefront 
distortions  in  the  laser  beam,  or  it  can  be  used  to  holo¬ 
graphically  reconstruct  the  distorted  laser  beam.  The 
optical  system  is  simple,  can  tolerate  reasonably  large 
laser  spectral  bandwidths,  and  is  well  suited  for  on-line 
use  in  an  operating  laser  system. 

The  optical  arrangement  for  this  system  is  shown  in 
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fig. 23:  the  distorted  beam  passes  through  a  beam-splitter 

which,  in  practice,  might  only  transmit  a  few  percent  of 

the  incident  energy.  The  "reference"  beam  is  derived 

from  a  small  portion  of  the  incident  wave  and  diverges 

to  match  the  diameter  of  the  object  beam,  at  a  distance 

L,  either  by  diffraction  or  by  the  action  of  a  small 

negative  lens.  The  diameter,  d,  of  the  aperture  used 

to  select  out  a  portion  of  the  incident  wave  for  use  as 

a  reference  beam  should  match  the  maximum  area  in  the 

incident  beam  over  which  the  wavefront  is  essentially 

constant  in  phase.  If  necessary,  this  aperture  may  be 

small  enough  to  guarantee  a  diffraction-limited  spherical 

wave  (i.e.  d~L.'/4D),  but  this  leads  either  to  a  very 

small  amount  of  light  in  the  reference  beam,  or  else  a 

large  value  for  L.  The  maximum  path  difference  between 

the  reference  beam  and  the  object  beam  is  approximately 
2 

D  / 8L :  this  leads  to  the  following  inequality  for  L  in 
order  to  ensure  fringes  of  good  contrast  when  the  laser 
has  a  spectral  bandwidth  ,v  : 


P2.\> 

8  >2 


In  the  case  of  a  beam  from  a  Nd  :  glass  laser  with 
a  beam  diameter  of  5cm  and  a  20$  bandwidth  at  a  wavelength 
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Figure  23.  Method  for  obtaining  in-line  holograms  of  distorted  laser 
wavefronts.  This  method  is  particularly  suitable  for 
high  power,  broad-band  lasers. 


of  1.06  microns,  L  would  have  to  be  greater  than  about 
60  cm,  which  is  certainly  no  problem.  If  we  chose  to 
be  conservative  in  this  case  and  worked  with  a  200  cm 
separation  between  the  beam-splitter  plate  and  the  film, 
then  the  interferogram-hologram  would  have  a  total  of 
approximately  150  roughly  circular  fringes.  The  precise 
shape  of  these  fringes  would  contain  the  information  from 
which  the  wavefront  aberration  could  be  calculated.  Al¬ 
ternately,  the  developed  photograph  could  be  set  back  in 
place  and  illuminated  by  a  point  source  (derived  from  a 
gas  laser)  located  at  the  small  aperture  in  the  beamsplitter. 
(If  a  negative  lens  had  been  used  to  obtain  the  reference 
beam,  the  point  source  would  be  on  the  other  side  of  the 
beamsplitter  at  a  distance  equal  to  the  focal  length  of 
the  negative  lens.)  This  point  source  would,  of  course, 
appear  in  the  center  of  the  holographic  reconstruction  of 
the  distorted  wavefront  --  but  could  easily  be  blocked  out 
if  desired.  We  are  enthusiastic  about  this  method  of  test¬ 
ing  and  are  currently  planning  to  use  it  in  testing  and 
ultimately  correcting  a  number  of  large  glass  amplifier 
rods  for  use  in  the  Laser  Energetics  Laboratory  at  the 
University  of  Rochester.  The  advantages  of' this  technique 
over  the  earlier  techniques  which  have  been  used  are: 
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1.  It  offers  the  option  of  either  holographic  re¬ 
construction  or  direct  measurement  from  the  inter- 
ferogram. 

2.  It  is  cheap  and  simple  and  does  not  require  elaborate 
optics  or  high  resolution  film. 

3.  It  can  easily  be  used  on-line  since  it  samples  only 
a  percent  or  so  of  the  light  and  reflects  the 
remainder  from  a  plane  mirror. 

4.  It  allows  measurements  of  laser  beams  with  large 
spectral  bandwidths . 

3.  CORRECTION  OF  OPTICAL  DISTORTION  IN  LASER  RODS 
Introduction 

The  earliest  attempts  to  optically  correct  laser  rods 
at  The  Institute  of  Optics  were  made  in  1962.  The  laser 
rods  in  question  were  7.5cm  long  by  0.62cm  diameter  ruby 
rods  whose  mirrors  were  to  be  coated  onto  the  ends  of  the 
rods.  Prior  to  coating,  the  laser  rods  could  be  inter- 
ferometrically  assessed  by  illuminating  the  laser  rod  with 
a  collimated  beam  from  a  HeNe  laser  and  looking  at  the 
interference  between  the  light  reflected  from  the  two  ends 
of  the  rod  --  being  sure  to  illuminate  the  rod  with  the 
same  linear  polarisation  which  it  would  emit  as  a  laser. 
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Optical  correction  was  accomplished  by  hand  figuring 
of  one  of  the  ends  of  the  laser  rod;  i.e.  one  end  of 
the  laser  rod  was  polished  by  hand,  using  a  Q-tip  and 
diamond  paste,  until  the  desired  degree  of  correction 
was  attained  --  with  continuous  interferometric  monitor¬ 
ing.  This  process  was  extremely  tedious,  but  was  cap¬ 
able  of  excellent  results  --  particularly  when  the 
initial  distortions  were  relatively  smooth.  The  corrected 
laser  rods  had  dramatically  improved  beam  divergences,  and 
spectra  with  well-defined  axial  modes.  This  method  was 
used  for  correcting  passive  distortions  (i.e.  distortions 
existing  in  the  unpumped  laser  rod),  and  would  have  been 
far  more  difficult  to  execute  in  correcting  active  dis¬ 
tortions.  Our  present  point  of  view  is  that  this  method 
has  an  air  of  desperation  about  it,  and  that  by  using  the 
techniques  described  below  comparable  results  can  be 
achieved  on  a  production  scale  and  without  the  requirement 

J 

for  patient,  highly  skilled  optical  technicians. 

Production  of  Scaled  Correction  Plates 

We  will  define  a  correction  plate  as  an  optical 
component  which  is  polished  or  otherwise  fabricated  so 
as  to  convert  an  incident  wave  with  phase  distortions 
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into  a  transmitted  plane  wave.  In  the  correction  procedure 
described  in  the  previous  paragraph,  the  correction  plate 
was  the  laser  rod  itself.  One  end  of  the  laser  rod  was 
figured  by  polishing  so  that  its  contour  matched  that  of 
the  incident-distorted  wavefront.  In  this  instance  the 
correction  plate  had  a  1  to  1  scale  factor:  that  is  to 
say,  the  figured  correction  surface  had  a  contour  just 
equal  to  the  inverse  of  that  of  the  distorted  wavefront. 

In  the  technique  which  we  will  describe  the  surface  contour 
of  the  correction  plate  will  be  scaled  up  to  proportions 
more  manageable  by  machine  operation,  and  the  surface  of 
the  correction  plate  will  have  a  fine  grind  rather  than  a 
polish.  The  objective  of  these  modifications  is  to  replace 
the  hand-figuring  of  correction  plates  by  a  tape-controlled 
machine  operation. 

Let  us  assume  that  the  distorted  wavefront  to  be  corrected 
has  been  recorded  in  the  form  of  an  inter ferogram  in  which 
the  fringes  are  contours  of  the  distorted  wavefront,  having 
an  interval  of  one  wavelength.  The  desired  correction  plate 
is  simply  an  optical  element  whose  optical  thickness  con¬ 
tour  map  is  the  inverse  of  that  of  the  distorted  wavefront. 

That  is  to  say,  the  contour  map  of  the  optical  thickness  of 
the  correction  plate  would  appear  identical  to  the  inter ferogram 
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of  the  distorted  wavefront,  except  that  peaks  and 
valleys  would  be  interchanged.  Typical  laser  wavefront 
distortions  are  in  the  range  of  10  to  100  wavelengths: 
the  direct  machining  of  a  glass  surface  to  achieve  a 
polished  surface  contour  on  this  scale  is  not  feasible 
with  presently  available  technology.  If  the  scale  of 
the  desired  correction  could  be  increased,  say  by  a 
factor  of  100,  and  if  the  requirement  for  a  polished  sur¬ 
face  could  be  relaxed,  then  the  operation  could  be  carried 
out  by  a  tape-controlled  milling  machine. 

The  basic  idea  which  we  have  proposed  is  to  manu¬ 
facture  a  scaled-up  correction  plate,  as  illustrated  in 
fig. 24,  and  then  to  scale  it  back  down  again  for  use  by 
immersion  in  a  liquid  whose  refractive  index  very  nearly 
matches  that  of  the  plate.  The  scaling  factor,  M,  can 
easily  be  shown  to  be  given  by: 

M  ~  ■ 

where  n  is  the  refractive  index  of  the  glass  correction 
plate,  and  An  is  the  index  difference  between  the  correction 
plate  and  the  immersion  liquid.  By  scaling  in  this  manner 
not  only  does  mechanical  fabrication  become  feasible,  but 
the  need  to  polish  the  surface  of  the  correction  plate  is 
also  removed.  The  intensity  reflection  coefficient  at  the 
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Figure  24.  Illustration  of  a  scaled-up  correction  plate. 
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Figure  25.  Machining  of  a  scaled-up  correction  plate,  using 
a  spherical-tipped  tool  with  bonded  diamond  grit. 
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glass-liquid  interface  is  given  by: 


Thus  if  we  are  willing  to  tolerate  a  1%  reflection 
loss  at  the  interface  between  the  glass  and  liquid  (which 
is  reasonable  for  solid  state  laser  systems)  we  should  use 
an  index  mismatch  no  greater  than  approximately  0.3.  This 
value  is  in  fact  far  greater  than  any  we  would  contemplate 
using  in  practice,  so  that  the  reflection  loss  at  the  inter¬ 
face  can  be  neglected.  The  next  question  we  should  consider 
is  the  surface  smoothness  of  the  effective  correction  plate. 
An  optical  surface  is  generally  considered  to  be  smooth, 
or  optically  "polished",  when  its  RMS  surface  roughness  is 
less  than  an  eighth  of  a  wavelength.  Thus,  if  we  designate 
the  RMS  surface  roughness  by  d,  and  take  into  account  the 
fact  that  the  index  immersion  reduces  the  effective  surface 
roughness  by  the  scale  factor  M,  we  see  that  the  following 
equation  must  be  obeyed  if  the  effective  surface  of  the 
corrector  plate  is  to  be  optically  smooth: 

d 

8  An  8 

To  get  an  idea  of  what  this  means,  consider  an  example 
in  which  the  wavelength  is  6000$  and  the  scale  factor  is 
100:  in  this  case  the  RMS  surface  r  )ughness  should  be  less 
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than  7}  microns,  which  could  be  attained  by  figuring 
with  a  diamond  tool.  The  type  of  tape-controlled 
milling  machine  which  we  are  going  to  use  in  making 
these  scaled-up  correction  plates  operates  in  a  step- 
and-repeat  mode.  That  is  to  say,  the  X  and  Y  coordinates 
are  set  and  then  the  tool  comes  down  to  a  predetermined 
Z  coordinate:  the  tool  then  goes  up  and  a  new  XY  coordinate 
is  set  whereupon  the  tool  comes  down  to  a  new  Z  coordinate 
and  so  on.  For  the  final  operation  we  are  planning  to 
use  a  1  millimeter  diameter  diamond  tool  with  bonded  400 
mesh  diamond  grit  (a  400  mesh  corresponds  to  a  10  micron 
particle  size,  which  gives  RMS  surface  finish  of  approxi¬ 
mately  5  microns). 

In  a  step-and-repeat  operation  of  this  sort,  a  small 
cusp  of  material  is  left  between  adjacent  steps,  as  shown 
in  fig. 25.  The  height  of  this  cusp  should  be  made  compar¬ 
able  to  the  RMS  surface  roughness:  for  a  spherical  diamond 
tool  with  a  1  millimeter  diameter,  the  cusp  height  is  re¬ 
duced  to  seven  microns  when  the  sideways  steps  are  approxi¬ 
mately  170  microns.  Taking  steps  of  this  size,  approxi¬ 
mately  3600  step-and-repeat  operations  would  be  required 
for  each  square  centimeter  of  corrector  plate  surface. 

This  would  be  tedious  to  do  by  hand  but  would  present  no 
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problems  for  a  tape-controlled  milling  machine.  To 
eliminate  the  interference  pattern  due  to  the  regularity 
of  the  machining  operation,  it  would  probably  be  desirable 
to  work  the  finished  surface  of  the  corrector  plate  with  1 
a  loose  slurry  of  5  micron  abrasive.  The  final  machine 
operation  described  above  would  probably  be  preceded  by  a 
similar  machine  operation  using  a  larger  radius  tool  and 
a  coarser  diamond  grit,  but  using  the  same  control  tape. 

Let  us  consider  how  a  correction  plate  would  be 
manufactured  in  a  specific  instance.  We.  will  assume  that 
the  distorted  wavefront  to  be  corrected  has  been  described 
in  the  form  of  an  Interfax ugram  in  which  the  fringe  spacing 
corresponds  to  one  wavelength  contours.  We  will  also 
assume  the  following'  that  the  transverse  section  of  the 
distorted  wavefront  is  a  square  2  centimeters  on  a  side, 
the  laser  wavelength  is  0.7  microns,  and  in  scanning  a 
cross-, tnterferogram  in  a  straight  line  one  encounters  no 
more  than  40  fringes.  We  will  proceed  by  making  a  tentatlv 
selection  for  the  final  grinding  tool:  let's  say  this  U 
to  be  a  1  millimeter  diameter  tool  with  the  400  mush  diaivon 
grit  which  we  used  in  cn  earlier  example.  If,  as  ill  the 
earlier  example,  we  take  steps  of  170  microns  between  maehl 
ing  operations,  the  RMS  surface  roughness  (due  both  tv  the 
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selection  of  diamond  grit  size  and  the  residual  cusps 
on  the  surface)  will  be  approximately  7  microns.  We 
should  now  choose  a  scale  factor  such  that  this  residual 
surface  roughness  can  be  reduced  to  less  than  an  eighth 
of  a  wavelength,  so  that  any  scattering  at  the  liquid- 
glass  interface  will  be  negligible.  A  reasonable  scale 
factor  would  thus  be  100.  If  the  refractive  index  of 
the  glass  corrector  plate  is  approximately  1.46,  this 
scale  factor  can  he  attained  within  an  index  difference 
of  approximately  0.006.  This  refractive  index  difference 
is  certainly  small  enough  so  that  reflection  at  the  glass- 
liquid  interface  can  be  neglected.  Now  that  we  know  what 
the  scale  factor  must  be.  we  can  estimate  whut  the  general 
contour  of  the  ground  corrector  p'ate  will,  be,  A  1,-to-l. 
corrector  plate  made  of  polished  glass  would  impart  from 
a  plane  surface  by  about  60  microns,  corresponding  to 
the  40  wavelength  distortion  of  the  wavefront,  With  a 
scale  factor  of  100,  the  ground  glass  surface  of  the  iinlex- 
matcheil  corrector  plate  would  depart  from  a  plane  by  about 
6  millimeters.  Note  that  the  large  scale  factor  Is  necessary 
primarily  so  that  tin?  index  mismatch  can  be  small  enough 
to  render  surface  scattering  negligible,  As  mentioned 
earlier,  the  final  machining  run,  made  using  a  tool 
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1  millimeter  in  diameter  with  400  mesh  diamond,  would 
be  preceded  by  a  machining  run  with  a  somewhat  larger 
diamond  tool  having  a  coarser  diamond  grit. 

The  refractive  index  of  1.46  selected  for  the  corrector 
plate  (corresponding  to  fused  quartz)  was  chosen  because 
of  the  ready  availability  of  index-matching  liquids  in  the 
vicinity  of  this  refractive  index.  In  particular  DMSO 
(dimethyl  sulfoxide)  has  a  refractive  index  of  1.46  at  20 
degrees  Centigrade  and  a  dn/dt  of  4.27  x  10  ^/°C.  Thus 
index-matching  using  quartz  and  DMSO  can  be  achieved  over 
a  small  range  s imply  by  varying  the  temperature  of  the 
DMSO.  (One  must,  of  course,  also  take  into  account  the 
thermal  variation  of  the  refractive  Index  for  quartz.) 

DMSO  has  the.  added  advantage  that:  it:  is  highly  transparent 
at  1.06  microns,  the  wavelength  of  neodymium-doped  lasers, 

lit  order  to  obtain  the  approximately  !!3,(K)0  instructions 
for  the  tnpu-eontro  I  I  ud  milling  operation,  the  Information 
contained  In  the  I  liter  ferogram  of  the  distorted  wavefront 
must  he  digitized.  We  plan  to  use  a  Hewlett-Packard  model 
6810  calculator  in  conjunction  with  a  model  9864  graphical 
digitizer  to  accomplish  this  operation.  There  are  many 
ways  that  this  equipment  "an  he  used  to  provide  the  deshed 
Information,  and  we  will  describe  Just  one  such  way, 
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Since  a  scan  in  either  direction  across  the  inter- 


ferogram  (see  fig. 26)  is  likely  to  encounter  about  40 
fringes,  it  would  seem  reasonable  to  perform  an  initial 
digitization  by  making  40  scans  across  the  interferogram, 
say  in  the  x-direction,  and  noting  the  location  of  the 
fringes  crossed  in  each  scan.  This  initial  data,  which 
would  be  obtained  by  a  manual  scan  of  the  interferogram, 
would  then  be  used  as  the  computer  input  in  calculating 
a  least-squares  mapping  of  the  entire  2  centimeter  by  2 
centimeter  area.  This  two-dimensional  least-squares  fit 
to  the  initial  data  would  then  be  used  to  generate  the. 
approximately  15,000  z-coordinates  for  each  point  at 
which  a  machining  operation  is  to  be  performed,  Recall 
that  these  machining  operations  are  to  take  place  with 
170  micron  transverse  spaclngs.  The  15,000  sets  of 
coordinates  will  then  be  coded  onto  paper  or  magnetic  tape 
for  use  in  controlling  a  ml L ling  machine.  Happily,  as 
mentioned  before,  this  same  set:  of  instructions  can  he  used 
for  the  Initial  machining  operation  to  he  carried  out  with 
a  larger  diameter  tool  and  a  coarser  grit. 

Although  wrJ  have  not  yet  carried  out  the  complete 
procedure  as  tie  icribed  above,  we  have  no  doubt  whatsoever 
that  It.  will  work  and  that  it  will  take  far  fewer  man  hours 


than  hand- figuring .  By  index-matching  ground  glass  having 
a  spherical  figure,  we  have  already  confirmed  the  validity 
of  the  assumptions  which  we  have  made  regarding  reflection 
and  scattering  at  the  glass-liquid  interface.  Once  the 
programs  for  computing  the  least  squares  fit  and  for 
generating  the  machine-control  tapes  have  been  written,  the 
only  labor  involved  in  making  a  new  correction  plate  will 
be  that  required  to  make  the  manual  scan  of  the  inter- 
ferogram  and  to  set  up  the  milling  machine.  The  whole 
operation,  starting  with  an  unknown  laser  rod  and  ending 
with  a  finished  corrector  plate,  should  take  no  longer 
than  a  day  or  two. 

4.  SUMMARY 

We  have  described  what  we  believe  to  be  a  viable 
technique  for  (a)  measuring  the  dynamic  optical  distortion 
In  a  laser  rod,  and  (b)  manufacturing  a  correction  plate 
to  compensate  for  this  distortion.  In  our  earlier  work 
in  this  area  we  were  able  to  demonstrate  that  a  given 
laser  rod  and  f lashlamp-pumping  configuration  yielded  dis¬ 
torted  wavefronts  which  were  reproducible  as  the  operating 
conditions  were  kept  constant.  In  particular,  if  the  laser 
system  is  operated  at  an  appreciable  repetition  rate,  the 
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optical  distortion  of  the  laser  wavefront  is  a  sensitive 
function  of  the  rep  rate.  We  plan  to  put  this  measurement 
and  correction  scheme  to  use  in  the  immediate  future  to 
correct  large  neodymium: glass  laser  rods  which  are  being 
used  as  intermediate  amplifiers  in  the  laser  fusion 
project  currently  being  carried  out  at  the  University 
of  Rochester's  Laboratory  for  Laser  Energetics. 
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A  STUDY  OF  LASER  BEAM- STEERING  TECHNIQUES  LEADING  TO 
BEAM-STEERING  DEVICES  IN  THE  MULTI -MHz  RANGE 


J.  M.  Forsyth 


1 .  INTRODUCTION 

The  principal  objective  of  this  research  was  to 
study  a  means  for  producing  a  high-speed,  continuously 
scanning  laser  beam  by  appropriate  use  of  an  intra¬ 
cavity  beam  deflector  to  lock  a  set  of  tranverse  modes 
of  the  laser.  The  study  was  conducted  primarily  on  an 

experimental  basis  since  a  simple  theoretical  model  of 

(1) 

the  system  had  been  given  previously.  In  this  model, 
if  a  set  of  one-dimensional  hermite-gaussian  field  dis¬ 
tributions  having  the  same  longitudinal  order  number  is 
locked  in  phase  with  a  Poisson  amplitude  distribution, 
then  a  gauss ian  spot  is  formed  in  the  output  plane  of  the 
laser  which  translates  with  one-dimensional  simple  harmonic 
motion,  The  frequency  of  the  spot  motion  is  qua!  to  the 
frequency  separation  of  adjacent-order  tvnnverHo-mode 
resonances  of  the  cavity.  The  dimensions  of  the  spot  are 
identical  to  those  of  the  lowest-order  eavlly  mode. 
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Although  this  model  is  strictly  valid  only  for  a 
Poisson  distribution,  such  a  distribution  is  very  nearly 
gauss ian  for  systems  of  10  or  more  modes  and  the  Doppler- 
broadened  gain  profiles  of  many  gas  laser  systems  should 
tend  to  produce  such  mode  amplitude  distributions. 

From  the  point  of  view  of  the  construction  of  a 
practical  system,  a  more  important  consideration  is  that 
of  resolution,  i.e.  the  number  of  spot  diameters  in  a 
line  of  scan.  The  length  of  a  scanned  line  is  approximately 
equal  to  the  effective  width  of  the  highest-order  mode  which 
will  oscillate  in  the  laser.  The  effective  width  of  a 
high-order  mode  (measured  by  the  distance  between  the  ^/e 
points  of  the  distribution,  say)  is  proportional  to  the 
square  root  of  the  order  number  of  the  mode.  Thus,  a  large 
number  of  modes  is  required  to  achieve  moderate  resolution 
levels  in  this  kind  of  operation. 

These  considerations  dictate  two  requirements  in  the 
choice  of  laser  for  use  in  this  system.  First,  the  laser 
must  have  a  large  spectral,  bandwidth  to  support  a  large 
number  of  modes  of  large  frequency  separation,  Secondly, 
the  laser  must  be  operable  in  a  Large  aperture  configuration. 
To  meet  these  requirements  and  to  insure  good  Intra-cavity 
optical  quality  we  constructed  an  argon-ion  laser  having  a 
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1  cm  bore  diameter.  Although  this  laser  has  been 

(2^ 

described  in  detail  in  a  previous  technical  report  , 
we  will  append  a  brief  description  for  completeness. 

The  use  of  an  intra-cavity  modulator  to  lock  a  small 

(3^ 

set  of  transverse  modes  was  demonstrated  previously.  ' 

The  modulator  action  in  this  case  consisted  of  mechanical 
tilting  of  a  plane  mirror  which  formed  part  of  the  laser 
cavity.  Although  this  tilting  action  is  not  precisely 
equal  to  the  wavefront  dynamics  of  the  mode-locked  condition, 
it  can  be  shown  that  if  a  hermite-gaussian  field  dis¬ 
tribution  is  incident  onto  a  tilting  mirror,  the  reflected 

field  contains  sidebands  which  have  the  desired  spectral 

(b) 

frequencies  and  spatial  distributions.  Strong  transverse- 
mode  coupling  should  result  from  the  use  of  such  u  device, 

The  strength  of  the  coupling  will,  of  course,  depend  on 
the  sideband  amplitude  which,  in  turn,  is  proportional  to 
the  peak  amplitude  of  the  tilt/^ 


2.  MODULATOR  DliSItiN 

Active  longitudinal  mode- locking  of  homogeneously  and 
I  nliomogeneouH  ly  broadened  lasers  has  been  studied  extensively/ 
It  Is  well-known  that  the  degree  of  mode-coupling  produced 
by  i lie  modulator  must  be  considerably  higher  for  maintenance 
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of  locking  in  homogeneous  lasers  than  for  inhomogeneous 
lasers.  Since  the  argon-ion  laser  resembles  a  homogeneously 
broadened  system  unless  the  optical  cavity  is  made  im- 
practically  short,  we  felt  that  insufficient  mode  coupling 
would  result  from  the  use  of  mechanical  mirror  vibration  ■ 
in  our  system.  We  chose  instead  to  introduce  variable  intra¬ 
cavity  wavefront  tilt  by  means  of  an  electro-optic  prism. 
Because  the  proper  construction  of  the  prism  appears  to 
play  a  pivotal  role  in  the  success  of  the  locking  experiments 
we  will  discuss  our  work  to  date  in  this  area. 

In  addition  to  having  a  high  electro-optic  figure  of 
merit,  the  most  important  characteristic  of  an  electro-optic 
material  in  our  application  is  good  overall  optical  quality 
over  a  moderate  aperture.  The  choice  of  materials  is  not 
a  large  one.  Although  lithium  niobate  has  a  high  figure  of 
merit  and  may  be  obtained  in  adequate  sizes  it  is  susceptible 
to  partial  ly  reversible,  optically-induced  inhomogenelcl.es, 
especially  in  the  blue-green  region  of  the  spectrum. 

Operation  of  the  material,  at  elevated  temperatures  alleviates 
this  difficulty  to  a  large  degree  hut  one  must  then  be 
careful  to  avoid  intro-cavity  air  currents  from  the  piesence 
<>f  thr  crystal  oven,  barge  pieces  of  lithium  niobate  are 
rather  expensive,  The  alternative  is  to  use  one  of  the 


M2 


dihydrogen  phosphates.  While  these  materials  are  highly 
resistant  to  optically- induced  damage  at  room  temperature 
they  suffer  from  a  large  solubility  in  water,  making  it 
difficult  to  prepare  and  maintain  high-quality  optical 
surfaces  on  the  crystals.  We  choose  ammonium  dihydrcgen 
phosphate  (ADP)  for  our  experiments  because  of  (1)  low 
cost  and  (2)  the  existence  cf  an  in-house  optical  surfacing 
facility. 

3.  MODULATOR  CONSTRUCTION 

Our  best  success  to  date  in  polishing  ADP  has  come  from 
the  use  of  a  standard  pitch  lap  and  cerium  oxide  abrasive 
but  with  a  fluorocarbon  fluid  used  instead  of  water.  Kvcn 
with  this  procedure  we  find  it  difficult  to  keep  the  surface 
free  from  numerous  fine  scratches  and  simultaneous Ly  maintain 
a  high  surface  flatness.  In  any  event,  a  good  surface  Is 
soon  degraded  upon  exposure  to  the  generally  humid  air  In 
Rochester.  As  a  result  we  have  spent  considerable  effort 
to  develop  a  method  of  protecting  the  crystal  surfaces, 

It  is  not  yet  possible  to  significantly  extend  the 
service  life  of  hydroscopic  crystals  by  means  of  evaporated 
coatings.  There  fore ,  we  must  bring  the  crystal  faces  Into 
(.intact  with  "hard"  optica!  windows  either  by  uhi  of  cements 
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or  by  immersion  in  fluids.  Because  the  absorption  in  optical 
cements  is  normally  significant  at  laser  power  densities 
we  began  our  experiments  by  contacting  quartz  windows  to 
the  crystal  faces  using  a  thin  layer  of  (silicone)  index 
matching  fluid.  While  this  arrangement  yielded  initially 
high  optical  quality,  the  optical  homogeneity  of  the  fluid 
quickly  degraded  in  the  presence  of  the  RF  (modulator)  drive 
field.  We  reported  on  the  transverse  mode  locking  behavior 
observed  with  the  crystal  in  this  configuration  and  noted 
that  the  apparent  resolution  of  the  system  was  far  below 
the  theoretical  expectation.^  Since  then  we  have  in¬ 
vestigated  the  properties  of  various  optical  cements  in 
this  application. 

We  have  encountered  either  of  two  principal  difficulties 
with  most  optical  cements  we  have  tried; 

1.  Bond  rupture  and/or  bubble- like  defects  are  produced  in 
the  film  after  a  brief  period  of  operation  Ln  close  proximity 
to  the  laser  discharge  tube.  (Although  we  have  not  confirmed 
it.  we  suspect  that  absorption  of  UV  radiation  from  the  dis¬ 
charge  may  he  responsible).  Tnose  defects  initially  prevent 
oscillation  in  well-structured  transverse  modes  and  eventually 
prevent  oscillation  altogether. 

2.  Severe  light  scattering  pr®v  nts  oscillation  in  wwil- 
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structured  modes.  In  this  case  the  cements  exhibit  a  turbid 
appearance  in  laser  light. 

Very  recently  we  have  had  some  success  with  Kodak 
HE-S-1  optical  cement  which  appears  to  be  free  of  scattering 
problems  and  to  have  stable  bonding  properties.  However, 
as  of  this  report  date  we  have  not  yet  tested  the  cement 
under  mode- locked  conditions  due  to  a  malfunction  in  some 
electronics  associated  with  proper  alignment  of  the  modula¬ 
tion  equipment.  We  expect  to  make  this  test  shortly. 


4.  ADDITIONAL  STUDIES 

We  are  beginning  a  numerical  analysis  of  the  mode- 
locked  field  distributions  which  arise  from  a  non-Poisson 
mode  amplitude  distribution.  In  our  preliminary  experimental 
observations  we  noted  that  under  certain  conditions  we 
would  sometimes  observe  stable  amplitude  distributions  in 
which  virtually  all  modes  were  equal  in  amplitude,  We  do 
not;  know  what  to  expect  in  the  output  under  these  conditions, 
although  we  strongly  suspect  that  if  a  scanning  spot  is 
obtained  It  will  not  uxhibit  a  constant  spot  diameter  across 
the  field,  This  statement  is  made  by  analogy  to  th®  pro¬ 
perties  of  th®  harmonic  oscillator  wave- functions  in  quantum 
mechanics , ^  In  th®  Uttar  case  only  th®  Poisson  distribution 
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of  modes  results  in  a  wavepacket  with  a  stationary 
uncertainty  product. 

5.  CONCLUSION 

During  the  period  of  support  we  demonstrated  transverse 
mode- locking  in  a  large- bore  argon  ion  laser.  We  confirmed 
that  such  operation  leads  to  the  production  of  a  scanning 
beam  from  the  output  of  the  laser.  However,  the  experi¬ 
mentally  observed  resolution  of  the  scanning  beam  appears 
to  have  fallen  short  of  the  theoretically  predicted  per¬ 
formance  level.  The  limitation  appears  to  be  in  the  poor 
optical  quality  of  the  intracevity  modulators  used  in 
the  experiments  to  date,  Further  work  on  this  mipoct;  of 
the  problem  lu  continuing. 
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APPENDIX:  Construction  of  Large-Bore  Ion  Laser 


The  basic  construction  details  of  the  large-bore 

argon  ion  laser  used  in  the  transvers  ode-locking 

(2) 

experiments  have  been  given  previously.  Since  that 
report  we  have  modified  the  construction  slightly  to 
facilitate  cleaning  Brewster  windows  and  to  provide 
a  more  reliable  water  supply  to  the  vacuum  seals. 

The  discharge  tube  is  made  from  a  12.5-inch  long 
beryllium  oxide  tube  with  a  0.400  inch  bore  and  an  0.078 
inch  wall  thickness.  A  pair  of  brass  assemblies  are 
clamped  to  the  outside  wall  of  the  BeO  tube  approximately 
10  inches  apart  by  means  of  0-rings.  The  plates  which 
bear  against  these  0-rings  carry  the  pyrex  tubes  into 
which  fused  quartz  Brewster  windows  are  cemented.  The 
inner  side  of  each  brass  ssembly  is  sealed  (by  means  of 
0-rings)  to  the  pyrex  water  jacket.  Previously  these  brass 
assemblies  were  soldered  or  cemented  to  the  BeO  tube  directly. 
However,  we  have  found  the  0-ring  seals  more  convenient  to 
use  when  servicing  the  laser.  To  aid  the  vacuum  tightness 
of  the  seal  we  used  a  fine  optical  abrasive  on  the  outer  BeO 
surface  before  final  assembly. 
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Excitation  of  the  discharge  is  by  RF  power  supplied 
through  a  thirteen-turn  cadmium  plated  coil  closely 
wrapped  around  the  pyrex  water  jacket.  The  excitation 
coil  is  water-cooled.  Up  to  11  KW  plate  input  power  at 
5  MHz  can  be  developed  by  the  power  supply.  Nevertheless, 
due  to  the  large  active  volume  of  gas  excited,  a  rather 
low  excitation  density  is  achieved.  At  11  KW  input  an 

t 

output  power  of  100  mw  is  obtained.  Virtually  all  of 
this  energy  is  at  >=*4880$.  (With  an  output  mirror 
transmission  of  2.'.°/,,  we  are  barely  at  threshold  for 
oscillation  on  the  5143$  transition  under  these  conditions.) 
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SECTION  V  - - — — ■ - ... _ 

FURTHER  RESEARCH  IN  IMAGE -FORMING  OPTICS 
D.  C.  Sinclair,  J.  L.  Meyzonnette,  and  N.  Balasubramanian 

1.  INTRODUCTION 

In  this  part  of  the  research  program  we  have  investi¬ 
gated  a  number  of  interferometers  which  utilize  moving 
fringe  patterns  to  enable  one  to  use  ac  detector  cir¬ 
cuitry  rather  than  dc  detector  circuitry  in  the  photo¬ 
electric  readout  for  a  testing  interferometer.  We  formerly 
called  such  interferometers  ac  interferometers,  but  we  now 
prefer  to  use  the  term  heterodyne  interferometers,  since 
the  generation  of  the  moving  fringe  patterns  can  be  inter¬ 
preted  as  a  beating  together  of  two  optical  waveforms. 

We  have  not  yet  been  able  to  construct  a  laboratory 
model  of  a  full  heterodyne  interferometer  system,  employing 
a  detector  array  for  readout.  In  anticipation  of  being  able 
to  build  such  a  system  in  the  future,  we  have  studied  a 
variety  of  interferometer  configurations  which  we  feel  would 
be  suitable  candidates  for  the  optical  parts  of  such  systems. 

In  the  early  phases  of  the  present  investigation,  we  studied 
the  use  of  mechanically  moving  grating  systems  as  heterodyne 
interferometers.  A  complete  report  of  this  work  was  given  in 
a  previous  quarterly  progress  report,  and  is  included  here  as 
an  appendix.  More  recently  we  have  considered  the  use  of 
heterodyne  interferometry  for  vibration  analysis,  and  'nave 
also  built  and  studied  a  small  heterodyne  position-sensing 
interferometer. 

In  this  report  we  detail  the  results  of  our  recent 
theoretical  investigations  and  describe  some  experiments  that 
we  have  done  on  the  position-sensing  interferometer. 


91 


I 


2 .  THEORY 


Holographic  interferometry  allows  one  to  compare 
a  waveform  originated  at  an  object,  while  it  is  still, 
with  the  waveform  given  by  the  object  after  deformation, 
or  in  vibration.  We  consider  here  the  case  of  real  time 
analysis  where  the  waveform  corresponding  to  the  still 
object  is  given  by  the  hologram  and  the  wavefront  corres¬ 
ponding  to  the  object  in  motion  by  the  object  itself. 

We  assume  that  the  hologram  records  and  reconstructs 
faithfully  the  wavefronts  coming  from  the  object  and  we 
do  not  take  into  account  the  shrinkage  of  the  plate,  or 
noise  due  to  the  photographic  process. 

Consider  the  arrangement  shown  in  Figure  27.  While 
the  object  is  not  in  motion,  the  hologram  will  record: 

I  =  [A()(x,y,z)  +  R  ( x  ,  y  ,  z )  ]  2 

During  the  reconstruction  stage  with  the  same  reference 
beam,  the  hologram  will  give  rise  to  A(1  and  Aj(x,y,z) 
corresponding  to  the  deformed  object. 

Following  Sten  Walles'  analysis  we  treat  the  diffuse¬ 
ly  reflected  amplitudes  A^  or  A ^  as  realizations  of  a  cotn- 

1  2 

pi. ex  variable,  such  that:  * 

B|A0]  ■  lilAj  -  0 
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FIGURE  27 

RELATION  OF  OBJECT  WAVE  AND  DEFORMED 
OBJECT  WAVE  IN  A  HOLOGRAPHIC  INTERFEROMETER 
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Hence,  at  any  point  in  space,  the  total  intensity  is  the 
result  of  a  2  wave  -  interference ,  so  that  if  A  =  +  A^ , 
then : 


I  =  AA 

^  ^  ^  ^ 

=  A,  A,  +  A-A-,  +  A,  A0  +  A,  A0 

XI  L  L  I  L  I  L 


The  ensemble  average  of  the  intensity  is: 


E[I]  .  li  [AjAjJ  ♦  K[AjA2]  ♦  15[AlA2]  +  IgAjA*] 


Using  the  conventional  notation: 
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we  get  the  expression  for  the  total  intensity 


I  =  1^  +  I2  +  2/T^T ~  |y|cos6 


As  usual  in  2  beam  interferometry,  we  define  the  visibility 
of  fringes  as  follows: 
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In  order  to  evaluate  the  phase  difference  6,  and  to 

determine  the  areas  of  localization  of  the  fringes,  J.  C. 

Vienot  has  shown  that  one  could  use  the  concept  of 

homologous  rays  with  profit,  in  case  of  object  motion. 

4’ 

Karl  Stetson  has  extended  the  concept  in  order  to  include 
object  deformation  as  well. 

To  introduce  the  concept  of  homologous  rays  or  fields, 
one  expands  the  field  reflected  from  the  object  into  its 
angular  spectrum: 


Ai(r)  =  ff^Q  (kJ^Ckje^-^k 


ft(k)  characterizes  the  aperture  of  the  observation  system, 
so  that: 


ork'i  =  / 1  when  k  -  n 

--  u  otherwise 


Hence,  the  previous  equation  can  be  written  as 


Ax(x,y,z)  =  //*wn( kx,k  )N1(kx,k  )e 


i(kx  +  ky  +  kz) 

x  y  2  dk  dk 

X  y 
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In  the  same  way,  one  considers  the  field  diffraction  by 
the  object  after  deformation: 

A2(r)  =  //ft(_kJel--*-r-dk 

Provided  some  assumptions  are  made  about  the  deformation* 
one  can  write: 


i<K  (k  ,r) 
N2(k)  =  N^kje  1  "  ” 

where  <h(k,_r)  is  given  by: 

♦  lOL*!)  =  [kiCk.D  '  jsl-lOi0,r) 


k^  represents  the  incident  wave  propagation  vector,  d 
represents  the  displacement  of  the  surface  at  any  given 
point,  as  shown  in  Figure  28. 

The  concept  of  homologous  rays  is  valid  only  for 
small  aperture  systems,  so  that,  inside  fl,  the  vector  k 
can  be  written  as: 


£lkn 

where  kn  is  directed  along  the  line  QP  and  { 

"°  id  «  ik0i 
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FIGURE  28 

ILLUSTRATING  VARIABLES  USED  TO 
DESCRIBE  HOMOLOGOUS  RAYS 
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Then,  the  phase  difference  in  the  direction  k  is  related 
to  the  phase  difference  along  the  main  direction  k^  by: 

<J>L(k>l)  =  <J>LCk0»l)  -  liCkQ.l)  +  LM(}i0,>:)|‘k 

AkQ 

where  A£(k  ,r)  =  — ,  i.e.,  the  change  in  the  unit  vector 
U  -  kq 

along  the  viewing  direction  introduced  by  the  deformation 
of  the  object  and  L  =  z/k zq. 

Homologous  rays  are  useful  to  help  find  the  area  of 
localization  of  the  fringes,  which  is  given  by  stating 
that  the  phase  variation  within  the  aperture  be  mini¬ 
mized  inside  the  aperture, 

d<t> , 

air  * 0 

as  shown  in  Figure  29. 

Sten  Walles  shows  that  the  area  of  localization  is 
at  the  intersection  of  the  bundle  of  homologous  rays  inside 
the  aperture. 

Considering  that  the  illuminating  source  is  at 
infinity  so  that  is  independent  of  the  coordinates  of 
Q,  one  may  approximate  the  phase  difference  between  two 
homologous  rays  as  being: 


4>L(x,y,kQ)  =  d*  [k.  -  kj 
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FIGURE  29 

ILLUSTRATING  HOMOLOGOUS  RAYS 
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and  the  intensity  in  the  area  of  localization  is  of  the 
form: 


I  =  I o  C1  +  cos<(>L'J 

If  we  want  a  unique  determination  of  the  displacement  d, 
we  need  its  three  components  Ax,  Ay,  Az.  By  choosing  3 
different  viewing  directions,  as  shown  in  figure  30,  we 
get  3  equations: 


*li  '  i 


*L2  - 


♦L3  =  !*• 


k.  -  k.. , 
--1  -0 1 


-k-i  ‘  “0  2 


k .  -  k,.7 
— 1  -0  3 


By  counting  how  many  fringes  pass  by  when  the  direction 

“  “02  t0  to 3 


changes  , 

for 

example 

for  -k-01 

to  ]' 

--()  2  » 

then 

and  from 

*01 

to  k03, 

one  can 

write : 

*L1 

"  *L2 

=  d- 

-02 

-01 

+L1 

•  *L3 

=  d* 

—03 

-k-0l 

*L2 

^L3 

=  d- 

-03 

-02 
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One  sees  that  it  is  impossible  to  determine  uniquely  a 
given  displacement,  since  two  deformations  of  equal  ampli¬ 
tude,  but  of  opposite  directions  would  give  the  same  result. 
The  precision  on  the  measurement  depends  upon  the  precision 
obtained  on  k^2>  k^  ^23*  directions  k^, 

are  not  very  different  from  each  other,  the  numbers  k^2, 

^13’  ^23  are  usually  small  and  the  relative  precision  on 
them  is  poor. 

One  of  the  methods  most  often  used  in  vibration  analysis 
is  to  take  the  hologram  of  the  object  while  in  motion. 
Following  Goodman,  one  can  consider  then  the  hologram  as  a 
temporal  filter: 

At  each  point  of  the  plate,  the  exposure  is 


li(x,y)  =  /f^|li(x,y,t)  |\lt 


where  |H(x,y,t)|  =  irradiancc  distribution 

T  =  exposure  time 

The  luminous  amplitude  in  the  plane  of  the  hologram  is 

II  (x ,  y  ,  t )  =  K  ( x  , y )  +  0  (x  ,  y  ,  t ) 

if  R(x,y)  is  the  reference  wave,  independent  of  time  and 
0(x,y,t)  is  the  wave  scattered  from  the  object  in  motion. 
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+ 


,T/2 


B(x,y)  =  Er  +  Eg  +  R(x,y)/^2°  (x»y>t)dt  +  R"(x,y)/^2°Cx»y»t5dt 


Considering  only  the  last  term,  giving  the  primary  image, 
we  get: 


If 


0(x,y,v) 


K*  (x,y)/.}^2°Cx,y,t)dt 

R*  (x  Ct/T) O  (x , y  ,t.)dt 

/*“0(x,y,t)c'2,,ivtJt, 


we  use  Parseval's  Theorem  to  get: 


A  4-  uo 

lip  “  U  (.x,y  )fm  Ts  ine  (irvT)O  fx  ,y  ,  v)dv 

Hence,  the  hologram  acts  like  a  linear  filter  having  a 
transfer  function  sincOrvT). 

The  use  of  time  average  holography  is  particularly 
useful  for  studying  oscillatory  motions.  Considering  the 
case  of  a  sinsusoidal  time  dependence,  the  object  wave 
can  be  written  as  follows: 

i4>n(x>y)  ikasinuit 
0(x,y,t)  =  0Q(x,y)e  e 

whose  Fourier  transform  is: 
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Tn  the  particular  case  where  the  exposure  time  T  is  much 

7  n 

larger  than  the  period  of  the  vibration  (i.e.,  T  >> 
si.nc(--|-~)  is  very  small  for  all  n  except  n  =  0,  and  then 
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most  of  the  contribution  to  E  comes  from  the  n  =  0  term: 

P 

A  ^  $  A 

Ep  =  TR  0Qe  UJQ(ka) 

The  domain  of  application  of  the  time  average  method  as 
described  above  is  limited  to  a  certain  range  of  vibrations 
amplitudes:  because  Jy(ka)  >  0.9  for  ka  <  0.6,  the  intensity 

will  stay  almost  uniform  across  the  image  as  long  as  the 
displacement  is  smaller  than: 

ka  <  0.6  «>  a  <  A/ 10 

On  the  other  hand,  the  method  is  not  useful  when  the 
vibration  gets  larger  than  about  10A,  because  then  the  Bessel 
function  has  dropped  down  so  much  that  it  easily  burled  in 
the  noise  of  the  hologram  and  one  sees  only  a  uniform,  gray 
image.  Hence,  one  can  conclude  that  the  method  is  applicable 
only  for  displacements  between  these  two  limits 

A/10  <  a  <;  10A 


looking  at  the  expression  for  the  intensity: 

*  7  2  7  2 

I  -  EpEp  -  T2R2O0ZJ0Z(ka) 

one  sees  that  the  relative  phase  (x ,  y )  of  the  vibration  at 

each  point  has  disappeared,  so  that  it  is  impossible  to  map 
the  phase  of  the  object  in  vibration. 

10S 


V;.-'  -  , 
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One  can  extend  the  method  to  real  time  interferometry, 
by  taking  the  hologram  of  the  static  object  and  replacing 
it  at  the  same  position.  By  reconstructing  the  object  wave 
so  that  its  amplitude  is  the  same  as  the  one  from  the  object 
in  vibration,  one  finds  that  the  intensity  in  the  fringe 
pattern  is: 


I (x,y ,t) 


2  [A  (x ,  y )  ]  2 


1 -cos [ka (x ,y  ,  t 


The  -  sign  comes  from  the  fact  that  there  is  a  phase  shift 
of  ir  between  actual  and  reconstructed  waves  [see  Ref.  (5) 
p .  442]. 

Hence  observing  the  fringes  with  an  averaging  type  of  de¬ 
tector  (eye,  or  camera)  will  yield  the  following  intensity: 

<  I  >  =  2  [  A. (x , y )  J  2  1/T/q  [  1  - coska  (x  ,  y  ,  t )  ]  dt 
=  2[A(x,y)]2[l-J()(ka)J 


This  method  presents  the  same  disadvantage  as  the  time 
average  technique,  i.e.,  it  does  not  give  any  information 
about  the  relative  phases  of  different  points  on  the  object, 
and  the  contrast  of  the  fringes  drops  down  as  the  amplitude 
of  the  vibrations  gets  larger  than  several  waveicngths>  as 
shown  in  Figure  31. 
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In  order  to  track  precisely  the  motion  of  each  area 
on  the  object,  we  consider  the  light  reflected  from  the 
object  as  being  Doppler  shifted  in  frequency.  By  mixing 
this  shifted  signal  with  the  carrier  provided  by  the 
hologram  of  the  static  object,  it  is  possible  to  map  the 
amplitude  and  phase  of  a  displaced  or  vibrating  object. 

Optical  heterodyne  detection  is  a  very  sensitive  tool 
to  determine  object,  motions,  and  is  widely  used,  for 
example  in  laser  Doppler  velocimetry.  We  can  apply  its 
principles  to  holographic  interferometry  in  a  "heterodyne 
holographic  system. " 

We  consider  only  the  case  of  real  time  interferometry, 
in  which  we  make  the  hologram  of  the  static  object  with 
light  of  frequency  v^,  as  shown  in  Figure  32.  After  process 
ing,  we  reconstruct,  the  reference  wave  with  a  slightly 
different  frequency  +  Av(1  while  the  object  is  still 

illuminated  with  the  same  frequency  v^. 

This  method  has  been  used  by  Neumann  ot  al . ,  and 
0  7 

Aleksoff  for  the  study  of  vibrating  objects.  The  phase 
of  the  reference  beam  is  modulated  during  the  reconstruction 
after  the  hologram  of  the  static  object  has  been  made.  The 
frequency  of  modulation  is  the  same  as  the  frequency  of  the 
vibrating  object,  so  that  the  reconstructed  wave  can  be 
written  as 


i  [uit  +  0  ( t. )  1 

br  =  Ar(x,y)e 
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where 


0r  =  0rO  +  kArcosC^’t  +  *r) 

The  waveform  originating  at  the  object  itself  is 

i[wt  +  0n(x,y,t)] 

Eobject  =  Vx’^e 

°o  =  Goo  +  kAo  (x»y)cos  +  4>0(x,y)J 

Ay(x,y)  represents  the  amplitude  of  vibration  of  each 
point  of  the  object,  and  4>  q  (x ,  y )  is  its  phase.  By  adjusting 
the  intensity  of  the  reference  beam,  one  can  make 
ar  (x ,y) -Hq  (x  ,y)  in  order  to  get  fringes  having  a  maximum 
contrast . 

Hence  the  total  intensity  in  the  fringe  pattern  can  be 
written  as 


I (x,y ,t) 


+  cos(9() 


=  a, 


1  +  cos  [0 


00 


0  +  k{A  cos  (fit  +  <t>  ) 

r0 


-  Ay  cos  (fit  +  4>q)  }  J 
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If  we  observe  the  fringe  pattern  with  a  detector  having  a 
large  averaging  time  constant  compared  to  the  period  of 
the  vibration,  we  get  the  following  average  intensity: 


<  I (x ,y)  >  =  1/T/qI (x ,y ,t)dt 


Since  T  >> 


2tt 

’  co  * 


<  IO,y) 


>  = 


l  +  J0 (kA)cos (fi00-er0) 


where 


kA  -  k(AQ2  +  Ar2  -  2A0Arcos(<j>0  -  <J>r)|1/2 
The  intensity  is  at  a  peak,  if: 


kA 


C 


00 


0 

0 


rO 


That  means  that  all  the  points  vibrating  in  phase  and  with 
the  same  amplitude  as  the  mirror  in  the  reference  beam  will 
exhibit  a  maximum  intensity.  Everywhere  else,  the  intensity 
will  be  given  by: 


l(x,y) 


+  J o  ( k A q  [l  -  cos  (4>q 


<t>r)J  1//2}cos  (e00 
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By  this  means,  one  can  draw  a  contour  of  all  the  points 
vibrating  in  phase  and  with  the  same  amplitude.  A  precision 
of  about  5°  in  determination  of  the  phase  has  been  reported. 

The  choice  in  the  modulation  of  the  reference  beam  is 
arbitrary  and  one  is  not  limited  to  a  sinusoidal  one.  In 
fact,  one  might  choose  a  triangular,  saw-tooth,  or  constant 

g 

shift  modulation. 

Let  us  consider  that  the  reference  beam  is  shifted  in 
frequency  by  an  amount  Av^  constant  in  time.  Hence,  the 
amplitude  reconstructed  by  the  hologram  and  corresponding 
to  the  virtual  xmage  is: 

i  «  +  Awjt 

Li  =  n  fXV')G  ^ 

Reconstructed  object ^ 

If  the  object  itself  is  displaced  or  in  vibration,  the  light 
reflected  from  it  is  Doppler  shifted  by  the  amount: 

/\ 

v(x,y,t)*n 
c 


Aw(x,y,t)  e 
u  0 


where 


^  k 

n  =  is  the  unit  vector  along  the  viewing  direction. 

If  we  use  a  detector  fast  enough  to  respond  to  signals  of 
frequencies  [AWq  -  Aw],  we  have  to  consider  the  characteristics 


of  heterodyne  detection.  The  output  of  the  detector  is 
written  as: 


I 


detector 


^area  of 
detector 


I  1 

ux(x  ,y  ) e 


+  Aw)  t 


+  u^x'.yV^O  +  ^^^dx'dy* 

=  //A{ |u1(x  ,y  )|2  +  |u2Cx  ,y  )|2}dx  dy 

+  2Re//^u^  u^e^^^O  At0^dx  dy 

Considering  only  the  term  at  frequency  (Aw^  -  Aw) ,  wc 
get: 

ihetCt)  -  2Re//Au1*u2ei(Aw0  '  Aw)tdx'dy' 

Instead  of  integrating  over  the  area  of  the  detector,  we 
integrate  over  the  aperture  of  the  hologram,  and  recall 
that : 


u 


u^e 


k)  »d 
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where  d  is  the  displacement  of  the  object  area  imaged  onto 
the  detector. 

ihetct)  -  2|u1|2Re;;area  ^0  ■  ^dA 

hologram 

One  finds  that  the  output  intensity  of  the  detector  is 
proportional  to: 

do,2 

ihot(t)  “  sinc(— 5f----jcos  [  (Am()  -  Aw)t  +  (k]  -  k>d] 

i 

l'or  a  given  displacement  d  along  the  z  axis.  Hence,  the 

Lt 

.instantaneous  frequency  of  this  signal  depends  only  on  t lie 
speeil  of  the  vibrating  object,  and  its  instantaneous  phase 
depends  only  on  its  displacement. 

By  putting  an  array  of  detectors  in  the  image  plane  of 
the  object  or  of  the  localization  area,  as  shown  in 
figure  33,  we  can  sample  the  relative  phases  and  displace¬ 
ments  of  small  areas  on  the  object  comparing  their  fre¬ 
quencies  and  phases  to  those  of  a  signal  chosen  as  a 
reference.  The  double  wavelength  source  could  be  obtained 
by  Zeeman  splitting  of  a  laser  light,  or  by  electro-optical 
modulation  [for  example  saw-tooth  modualtion]  of  a  laser 
beam.  The  advantages  of  this  method  are  the  following: 

1)  Very  precise  phase  measurement  in  the  fringe  pattern, 
compared  to  the  case  of  photographic  recording  of  still 


.1, 1 1 


FIGURE  33 

EXPERIMENTAL  ARRANGEMENT  FOR  FULL -FIELD 
VIEWING  OF  A  HETERODYNE  INTERFEROGRAM 
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fringes,  for  example.  This  gives  in  turn  a  much  better 
quantitative  measurement  of  displacements  and  relative 
phases  on  the  object. 

2)  The  method  is  particularly  valuable  for  very  small 
displacements,  where  the  sensitivity  of  usual  methods 
gets  very  bad.  This  precision  can  be  obtained  by  the 
use  of  the  "coincidence  logic  circuits." 

3)  Easier  information  processing  through  the  use  of 
mini -  computers . 


116 


mwiiw  .  .....  .  ..  b/VtiV  »  ■>  El  Wi'l»  >»’«» t«  tefrfV  ti  »•  .  Ml  k,.n..  

3.  EXPERIMENT 

We  have  extended  the  insight  that  we  have  recently 
gained  into  holographic  interferometry  to  develop  a 
heterodyne  position-sensing  interferometer.  This  inter¬ 
ferometer  can  be  used  to  detect  the  position  of  a  diffuse 
surface,  by  measuring  the  heterodyne  signal  generated 
when  a  holographically  reconstructed  spherical  wave  is 
interfered  with  a  quasi -spherical  wave  reflected  from  a 
diffuse  object. 

The  arrangement  of  the  interferometer  is  illustrated 
in  figure  34,  and  a  photograph  of  the  apparatus  used  is 
shown  in  figure  35.  The  hologram  is  made  while  tin  phase 
modulator  PM  is  stationary.  It  is  then  developed  and  re¬ 
placed  approximately  in  position.  Tf  both  arms  of  the 
interferometer  are  then  illuminated,  one  sees,  when  looking 
through  the  hologram,  two  quasi -point  sources  of  light. 

The  alignment  of  these  sources  is  comparatively  easy.  When 
the  sources  are  close  to  being  aligned,  an  interference 
pattern  results  behind  the  hologram  which  looks  like  that 
shown  in  figure  36.  However,  when  the  two  sources  are 
exactly  aligned,  the  pattern  degenerates  into  one  where  the 
fringes  have  no  preferred  direction,  such  as  shown  in  figure 
37.  When  the  pattern  shown  in  figure  37  is  observed,  the 
phase  modulator  can  be  turned,  on  and  the  heterodyne  signal 
arising  from  the  beating  of  the  Doppler-shifted  reference 
wave  and  the  direct  signal  wave  can  he  observed.  This  signal 
is  a  maximum  when  the  reconstruction  of  the  holographic 
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FIGURE  36 

interferogram  CORRESPONDING  TO 
PROBE  BEAM  DISPLACEMENT 


j. 


FIGURE  37 

INTERFEROGRAM  CORRESPONDING  TO 
PROBE  BEAM  COINCIDENCE 
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point  source  falls  exactly  on  the  illuminated  point  on  the 
diffused  surface. 

The  accuracy  of  this  device  as  an  interferometer  is 
lower  than  that  of  conventional  optical  interferometers, 
because  it  is  limited  effectively  by  the  focal  depth  of 
the  hologram.  It  is  thus  expected  that  the  interferometer 
will  be  used  for  sensing  the  position  of  diffuse  objects 
to  an  accuracy  of  from  1  to  10  micrometers.  We  are 
currently  in  the  process  of  studying  the  characteristics 
and  limitations  of  this  interferometer,  and  hope  to  report 
the  details  shortly. 
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AC  INTERFEROMETER  STUDIES 

During  the  past  quarter,  we  have  investigated  several 
procedures  for  constructing  an  AC  grating  interferometer. 
Most  of  our  work  has  been  concentrated  on  the  optical- 
mechanical  design  of  a  moving-grating  system,  particularly 

t 

on  the  production  of  low-frequency  g  acings  suitable  for 
such  systems. 

The  AC  grating  interferometer  is  based  upon  the 
Classical  Ronchi  Test,  but  in  a  way  that  would  allow  a 
more  rapid  treatment  of  the  data  by  means  of  a  minicomputer. 

As  seen  in  Figure  38,  the  Ronchi  test  gives  rise  to  a 
fixed  fringe  pattern  which  is  usually  recorded  photographi¬ 
cally,  then  analyzed. 

In  our  experiment,  the  ruling  is  translated  uniformly 
across  the  axis  zz',  which  causes  the  fringes  to  sweep  along 
the  image  plane,  where  they  can  be  recorded  by  a  photoelec- 
tronic  imaging  device,  such  as  silicon  diode  array,  vidicon 
tube,  etc. 

As  a  first  approach  to  the  problem,  consider  that  the 
receiver  is  an  array  of  detectors  feeding  their  electrical 
output  into  a  selective  amplifier  tuned  to  the  frequency  f 
(for  example,  fg=1000Hz).  The  linear  speed  of  the  ruling 
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AC  INTERFEROMETER  CONFIGURATION 


will  have  to  be  such  that: 

v  *  0  mm/s 

fx 

- 1 

if  f  is  the  spatial  frequency  of  the  ruling  in  mm 

Each  detector  of  the  array  gives  an  electrical  output, 
the  relative  phase  of  which  depends  only  on  the  position  of  the 
detector  and  the  aberrations  of  the  systems  S.  What  we  have 
to  do  is  to  measure  the  phases  of  all  these  detectors  as 
accurately  as  possible  in  order  to  reconstruct  the  fringe 
pattern  from  which  we  can  deduce  the  characteristics  of  the 
optical  system. 


I.  Possible  Means  of  Translating  the  Ruling 
A.  Radial  grating 

The  first  means  we  have  thought  of  has  been  to  use  a 
radial  grating  centered  on  a  rotating  disc.  This  would  be 
the  simplest  way,  but  presents  the  disadvantage  that  the 
spatial  frequency  is  not  constant  over  the  aperture,  which 
introduces  additional  fringes  from  the  beating  of  the  variable 
frequencies , 

For  example,  taking  the  following  data: 


aperture  5mm  x  5mm 
ruling  10  lines/mm 

we  would  get  c  beat  fringe  if: 

Af  =  1  _  AR 


50  fringes 


f  50  R 


250mm. 
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In  order  to  avoid  this,  the  radius  of  the  disc  should  be 

several  times  R  .  :  it  would  be  enormous, 
rom 

B.  Translation  of  linear  ruling 

The  ruling  could  be  translated  back  and  forth  by  some 
kind  of  cam  (large  displacements,  corresponding  to  coarse 
rulings)  or  piezoelectric  crystals  (very  fine  rulings). 

But  in  order  to  get  a  precise  measurement  of  phases, 
we  feel  that  we  should  register  the  sinusoidal  outputs  of 
the  detectors  over  a  relatively  large  number  of  periods. 

This  rules  out  the  PZ  crystal  and  also  the  mechanical  cam; 
for  example;  ruling  2  lines/mm  the  linear  speed  should  be 
around  50  cm/s. 

C.  Rotation  of  linear  ruling 

In  this  method,  which  we  have  chosen  as  a  starting  point, 
the  ruling  is  set  on  uniform  rotation  by  a  drum.  In  order  to 
get  a  large  number  of  periods,  even  with  gratings  having 
spatial  frequencies  of  1  line/mm,  we  make  its  circumference 
as  long  as  40cm  (which  would  allow  us  to  measure  the  phase  of 
each  point  over  400  periods  per  revolution  for  such  a  ruling). 
This  method  introduces  some  curvature  of  field  in  the  direction 
perpendicular  to  the  axis  of  rotation  of  the  ruling.  It  is 
not  important,  though,  as  long  as  the  aperture  of  the  imaging 
lens  L  is  kept  very  small  (for  example,  a  square  of  5mm x 5mm) . 
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See  Figure  39  for  general  description  of  the  inter ferometei 

II.  Making  of  the  Rulings 

We  have  attempted  several  methods  to  make  gratings 
about  40  to  50  cm  long,  and  from  7  to  15  mm  wido. 

A.  Stroboscope  and  drum  camera 

This  has  been  used  to  make  low  frequency  rulings 
(about  2  linos/mm), 

Set  up!  See  Figuro  40. 

The  object  slit  (Idem  x  4mm)  is  imaged  onto  the  film 
after  a  reduction  in  magnification  by  15x,  This  method  could 
give  good  results  if  the  series  motor  on  the  drum  camera  was 
replaced  by  a  synchronous  motor. 

Another  druwbuck  comes  from  the  fact,  thut  the  output 
of  the  Strobotac  is  not  constant  in  time.  There  is  an 
intensity  modulation  of  about  10  to  201  which  appears  on  the 
film  after  processing,  even  though  it  is  a  high  contrast  film, 

H,  Mlcholson  Interferometer  und  drum  camera 
Set  up:  See  Figure  ,|  i , 

Ry  adjusting  the  voltage  of  the  generator  such  that  the 

total  displacement  of  M-  is  X  ,  the  power  output  varies  as: 

~T 

I(t)  ■  4  1  cos2  4 'ii  A 

X 
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FIGURE  39 

MECHANICAL  DESIGN  FOR  AN 
AC  GRATING  INTERFEROMETER 
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GRATINGS  USING  A  MODULATED  LASER 


The  line  given  by  the  cylindrical  lens  was  10cm  x  o.lmm 
and  was  imaged  through  the  same  demagnification  of  15x 
as  before. 

This  method  could  have  given  much  higher  spatial 
frequencies  than  th^  first  one,  since  we  could  drive  the 
piezoelectric  crystal  up  to  20  times  faster  than  the 
strobotac.  The  results  were  not  satisfactory,  though, 
because  of  the  unstability  of  the  mirror  M2,  which  resulted 
in  a  non-uniform  modulation  of  the  beam. 

C.  Interference 

Finally  we  have  used  the  interference  from 
2  point  sources.  See  Figure  42. 

In  space,  the  equi-phase  surfaces  are  hyperboloids 
whose  intersection  with  the  plane  of  the  film  gives 
hyperbolas.  See  Figure  43. 

The  distance  between  two  consecutive  fringes  is: 

d  -  x 

sin  0 

if  dQ  is  the  spacing  at  P  ,  the  spacing  at  any  point  P  is: 

*jr 

d  =  d  / cost  4>  cos  \p 

if  <p  and  ip  are  two  of  the  spherical  coordinates  of  P  with 
respect  to  0.  In  our  case,  P  P  <<0PQ,  so: 

d  sd0(l+  3 4>2)  (1+  ^2) 

2  2 
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GRATINGS  USING  AN  INTERFEROMETER 


The  length  of  the  ruling  being  not  more  than  50cm  and  its 
width  not  more  than  1cm, 


d  '  d0  <  3,  25,2  «  3 

3"^ - 2CW  5TO 

Conclusion 

In  Figures  44,  45,  and  46,  we  show  three  contact  prints 
of  the  rulings  we  have  made  originally  on  16mm  high  contrast 
films  (Kodak  Tri-X).  Their  spatial  frequencies  are  1.8,  5, 
and  18  lines/mm.  Even  for  the  lower  spatial  frequency  the 
maximum  transmission  is  not  higher  than  0.5  because  the 
density  of  the  base  itself  in  such  a  film  is  between  0.1  and 


0.2. 


FIGURE  46 

18  LINES/MM  GRATING 
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